
RESEARCH PAPER

Functional evidence for the expression of P2X1,
P2X4 and P2X7 receptors in human lung mast cells
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Background and purpose: P2X receptors are widely expressed in cells of the immune system with varying functions. This
study sought to characterize P2X receptor expression in the LAD2 human mast cell line and human lung mast cells (HLMCs).
Experimental approach: Reverse transcriptase polymerase chain reaction (RT-PCR) and patch clamp studies were used to
characterize P2X expression in mast cells using a range of pharmacological tools.
Key results: RT-PCR revealed P2X1, P2X4 and P2X7 transcripts in both cell types; mRNA for P2X6 was also detected in LAD2
cells. Under whole-cell patch clamp conditions, rapid application of ATP (1–1000 mM) to cells clamped at -60 mV consistently
evoked inward currents in both types of cells. Brief application of ATP (1 s) evoked a rapidly desensitizing P2X1-like current in
both cell types. This current was also elicited by abmethylene ATP (10 mM, 94% cells, n = 31) and was antagonized in LAD2
cells by NF 449 (1 mM) and pyridoxal phosphate-6-azo(benzene-2,4-disulphonic acid) (1–10 mM). A P2X7-like non-
desensitizing current in response to high concentrations of ATP (1–5 mM) was also seen in both cell types (96% LAD2, n = 24;
54% HLMCs, n = 24) which was antagonized by AZ11645373 (1 mM). P2X7-like responses were also evoked in LAD2 cells by
2′(3′)-0-(4-benzoylbenzoyl)ATP (300 mM). A P2X4-like current was evoked by 100 mM ATP (80% LAD2, n = 10; 21% HLMCs,
n = 29), the amplitude and duration of which was potentiated by ivermectin (3 mM).
Conclusion and implications: Our data confirmed the presence of functional P2X1, P2X4 and P2X7 receptors in LAD2 cells
and HLMCs.
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Introduction

Mast cells are pluripotent immune cells which participate in a
wide variety of physiological and pathological processes
including asthma and allergy (Bradding et al., 2006; Rivera
and Gilfillan et al., 2006; Brown et al. 2008). They can
be activated through both FceRI-dependent and FceRI-
independent pathways (Gilfillan and Tkaczyk, 2006). FceRI-
dependent activation triggers depletion of Ca2+ from internal
stores, leading to an influx of extracellular Ca2+ which is

crucial for the release of both pre-formed and newly generated
mediators. There is increasing realization however, that
mast cells also express an array of other classes of receptors
which can either directly activate mast cells or modify
IgE-dependent signalling; receptors which contribute to
Ca2+ signalling in particular, would be expected to modulate
degranulation, release of eicosanoids and the transcription
and release of chemokines and cytokines. The entry of extra-
cellular Ca2+ through non-selective cation channels such as
P2X receptors is therefore likely to affect mast cell activation
and moreover is probable as nucleotides, which are released
through cell injury, platelet activation and cell death are
likely to be present around the mast cells in inflamed tissues
(Bodin and Burnstock, 2001).

The P2 receptor family which is composed of seven ionotro-
pic P2X receptors (P2X1-7) (North, 2002) and eight metabo-
tropic P2Y receptors (P2Y1,2,4,6,11–14) (von Kugelgen, 2006;
nomenclature follows Alexander et al., 2008; Collingridge
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et al., 2009) is well represented in cells of the haematopoietic
lineage (Di et al., 2001; Lemoli et al., 2004; Wang et al., 2004;
Tolhurst et al. 2005). P2X receptors specifically have been
described in many immune cells including platelets, lympho-
cytes and macrophages (Di et al., 2001) where they have been
implicated in the regulation of a variety of functions including
platelet aggregation, apoptosis, migration and cytokine release
(Burnstock, 2002; Hechler et al., 2003). In particular it has been
shown in macrophages that P2X7 activation induces the
release of IL-1b (Ferrari et al., 1997).

Nucleotides, acting at P2 receptors, have previously been
shown to influence mast cell function, including histamine
secretion, chemotaxis, cytokine generation and apoptosis
(Cockcroft and Gomperts, 1979; 1980; Tatham and Lindau
et al., 1990; McCloskey et al., 1999; Schulman et al., 1999;
Feng et al., 2004; Bulanova et al., 2005. We still know little
about the molecular identity of the P2 receptor subtypes
involved in these cellular events; however, robust expression
of P2X7 in rodent mast cells has been well documented
and can account for some of the ATP-mediated functions
recorded. It is still to be determined if these results extrapolate
to human mast cells.

We hypothesized that human mast cells possess functional
P2X receptors which might therefore contribute to the extra-
cellular Ca2+ influx responsible for the initiation of mast cell
activation and secretion. This concept is supported by one of
our earlier studies using GeneChip microarrays, showing the
presence of P2X1 and P2X4 in human cord blood-derived,
skin and lung mast cells (Bradding et al., 2003).

The principal aim of this study was to investigate the
expression of P2X receptors in human lung mast cells
(HLMCs) and the leukaemia-derived human mast cell line,
LAD2 (Kirshenbaum et al., 2003). RT-PCR experiments on
mRNA isolated from multiple donors showed that genes for
P2X1, P2X4 and P2X7 are constitutively expressed in differ-
entiated mast cells. Whole-cell patch-clamp recordings from
isolated cells showed further that functional channels with
the expected pharmacological and biophysical properties of
P2X1, P2X4 and P2X7 receptors were present at the plasma
membrane and that when bound to extracellular ATP, the
receptors induced robust cationic inward currents.

Methods

Preparation and maintenance of HLMCs and a human
mast cell line
All patients donating lung tissue gave written informed
consent, and the study had approval from the Leicestershire
Research Ethics Committee. HLMC were dispersed enzymati-
cally from macroscopically normal lung obtained within 1 h
of resection for lung cancer and purified using immunoaffin-
ity magnetic selection (Dynabeads) as described previously
(Sanmugalingam et al., 2000). The final mast cell purity,
assessed using metachromatic staining, was >99% with
cell viability >98% (monitored by exclusion of Trypan blue).
HLMC were cultured in DMEM/Glutamax/HEPES containing
1% antibiotic/antimycotic solution, 1% non-essential amino
acids, 10% fetal calf serum, 100 ng·mL-1 human stem cell
factor, 50 ng·mL-1 IL-6 and 10 ng·mL-1, IL-10. Half the media

was replaced every 7 days. Cells were maintained at 37 °C in
an incubator with a humidified atmosphere of 5% CO2

The LAD2 mast cell line, derived from a patient with mast
cell leukemia, was a gift from Dr. D. Metcalfe [National Insti-
tute of Allergy and Infectious Diseases, National Institutes
of Health, Bethesda, MD for details see Kirshenbaum et al.
(2003)] and cultured in StemPro-34 SFM serum-free complete
medium (Invitrogen Life Technologies), with 100 ng·mL-1

human stem cell factor as previously described (Wykes et al.,
2007). Half the medium was replaced every 7 days.

RT-PCR
Total RNA from LAD2 cells and HLMC from three donors were
isolated using QIAshredder and RNeasy kit (Qiagen, Crawley,
UK). For LAD2 cells, 1 mg of total RNA was treated with DNAse
I (Invitrogen Ltd., Paisley,UK) and subsequently reverse tran-
scribed using SuperScript™III Reverse Transcriptase (Invitro-
gen Ltd.) and oligo(dT)21 in a final reaction volume of 20 mL.
For negative control, SuperScript™III Reverse Transcriptase
was replaced with H2O. PCR reactions (30 cycles) using
BIOTAQ™ DNA Polymerase (1.25 unit·reaction-1) were
then performed as instructed by the manufacturer (Bioline,
London, UK) with 1 mL cDNA or 1 mL negative control. The
sequence of the primers used for PCR amplifications on LAD2
cDNA were as follows: P2X1 [annealing temperature (AT)
58°C] forward 5′-CGTCATCGGGTGGGTGTTTCTCTA-3′,
reverse 5′-AGGGCGCGGGATGTCGTCA-3′; P2X2 (AT 59°C)
forward 5′-GGGCCCCGAGAGCTCCATCATC-3′, reverse
5′-GCAGGCAGGTCCAGGTCACAGTCC-3′; P2X3 (58°C)for-
ward 5′-ACTGGCCGCTGCGTGAACTACA-3′, reverse 5′-CA
CGTCGAAGCGGATGCCAAAAG-3′; P2X4 (58°C) forward
5′-CGGCACCCACAGCAACGGAGTCT-3′, reverse 5′-TGTAT
CGAGGCGGCGGAAGGAGTA-3′; P2X5 (AT 55°C) forward
5′-GGCCCCAAGAACCACTACTGC-3′, reverse 5′-CCTCGGCC
TCCTGGGAACTGTCT-3′; P2X6 (58°C) forward 5′-AGCCC
CTACTGTCCCGTGTTCC-3′, reverse 5′-GCCTTGGCCTCCTC
ATACTTTGTC-3′; P2X7 (55°C) forward 5′-CCGGCCACAAC
TACACCACGAG-3′, reverse 5′-GGCCAGACCGAAGTAGGA
GAGG-3′; human b-actin (57°C) forward 5′-TGGTGGGCA
TGGGTCAGAAG-3′, reverse 5′-GTCCCGGCCAGCCAGGTC
CAG-3′.

For HMLC, 500 ng of total RNA was converted to cDNA
(BioRad iScript kit, BioRad, Hemel Hempstead, UK). PCR reac-
tions (35 cycles) using Thermo-Start PCR master mix were
then performed as instructed by the manufacturer (ABgene
Ltd., Epsom, UK). The sequence of the primers used for
PCR amplifications on HLMC cDNA were as followed:
P2X1 (55°C) forward 5′-TTTCATCGTGACCCCGAAGCAG-3′,
reverse 5′-TCAAAGCGAATCCCAAACACC-3′; P2X4 (55°C)
forward 5′-ACAGCAACGGAGTCTCAACAGG-3′, reverse
5′-CCTTCCCAAACACAATGATGTCG-3′and P2X7 (55°C)
forward 5′-TGCGATGGACTTCACAGATTTG-3′, reverse 5′-TG
CCCTTCACTCTTCGGAAAC-3′. For analysis, all PCR products
were run on 1.5% agarose gel containing ethidium bromide.

Electrophysiological recordings
Standard whole-cell patch clamp recordings were performed at
room temperature using either an EPC10 amplifier and Pulse
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acquisition software (HEKA, Lambrecht, Germany) or Axo-
patch 200B amplifier and pClamp9 software (Molecular
Devices, Sunnyvale, CA, USA). Cells were plated on poly-L-
lysine-treated coverslips and continuously superfused with an
external solution consisting of (in mM) 147 NaCl, 10 HEPES,
16 glucose, 2 KCl, 2 CaCl2 and 1 MgCl2 (pH 7.3, NaOH). Where
stated, this was replaced with a low divalent external solution
consisting of (in mM) 147 NaCl, 10 HEPES, 13 glucose, 0.2
CaCl2 and 2 KCl (pH 7.3, NaOH). Recording electrodes were
pulled from borosilicate glass (resistance: 3–6 MW) and back-
filled with a standard internal solution consisting of (in mM)
135 Cs-glutamate, 8 NaCl, 10 EGTA, 10 HEPES, 3.6 CaCl2 and
2 MgATP (pH 7.3, CsOH). Electrode tips were forward filled
with the same solution but omitting the MgATP.

To study the reproducibility of abmethylene ATP
(abmeATP)-evoked currents, where stated some recordings
were performed using the perforated patch configuration
established by adding amphotericin B (120 mg·mL-1) to an
internal solution consisting of (in mM): K-gluconate 140,
NaCl 5, HEPES 10, EGTA 9, (pH adjusted to 7.3 with KOH).
The external solution consisted of (in mM): NaCl 150, KCl
2.5, HEPES 10, CaCl2 2.5 and MgCl2 1 (pH adjusted to 7.3 with
NaOH).

Agonists and antagonists were delivered using either
an RSC fast-flow system (BioLogic Science Instruments,
Grenoble, France) or a U-tube perfusion system (Evans and
Kennedy, 1994). Antagonists were superfused (pyridoxal
phosphate-6-azo(benzene-2,4-disulphonic acid (PPADS),
3 min; NF449, 5 min, KN-62 10–20 min) and/or applied via
the fast-flow system (AZ11645373, 1 min) before and during
application of agonist. Membrane potential was clamped
at -60 mV in all experiments except where the voltage-
dependence of agonist-induced currents was examined by
ramping the membrane potential from -60 mV to +50 mV
over 450 ms. Leak currents were recorded by applying the
same ramp protocol in the absence of agonist and were
then subtracted from the current–voltage traces. All current–
voltage traces corrected for a -9 mV liquid junction potential.

Materials
DMEM/Glutamax/HEPES, antibiotic/antimycotic solution,
MEM non-essential amino acids and fetal calf serum obtained
from Invitrogen Life Technologies. Stem cell factor, IL-6 and
IL-10 were obtained from R&D, Abingdon, UK. Nucleotides,
suramin, PPADS, poly-L-lysine, ivermectin, EGTA, D-glutamic
acid and HEPES were purchased from Sigma-Aldrich. Physi-
ological salts, sodium hydroxide and glucose were purchased
from BDH Anachem. CsOH was purchased from ICN Bio-
medicals. AZ11645373 was a generous gift from AstraZeneca
R&D Charnwood, UK.

Results

HLMC and LAD2 express P2X1, P2X4 and P2X7
RT-PCR experiments were carried out to determine the mRNA
expression for P2X receptors in LAD2 and HLMC. Strong
expression was seen for P2X1, P2X4 and P2X7 receptors in
both the LAD2 human mast cell line and HLMCs obtained

from three different donors (Figure 1). This is in accordance
with findings of an earlier study using GeneChip microarrays
which indicated the presence of P2X1 and P2X4 in human
cord blood-derived, skin and lung mast cells (Bradding et al.,
2003). Low levels of P2X6 receptors were also found in the
LAD2 cells.

Presence of a P2X1-like current in LAD2 cells
To investigate the biophysical and pharmacological properties
of native P2X receptors expressed in human mast cells, we
conducted whole-cell and perforated-patch clamp recording
experiments in LAD2 cells and cultured HLMCs. Brief appli-
cations (1–2 s) of ATP (0.1–100 mM) to isolated LAD2 cells
voltage-clamped at -60 mV elicited a rapidly activating and
rapidly desensitizing inward current (Figure 2A). The ampli-
tude of the current evoked by the first application of ATP
showed high variability from cell to cell probably reflecting
different levels of pre-existing desensitization. Incubation
of cells with suramin (20 mM, 1.5–3 h) prior to commencing
the recordings, reduced this cell-to-cell variability and under

Figure 1 P2X receptor expression in LAD2 cells and HLMCs. RT-PCR
on total RNA isolated from LAD2 cells and HMLCs. Data for HLMC are
representative of similar results obtained from three donors. Both
types of human mast cells revealed the presence of P2X1, P2X4 and
P2X7 receptor transcripts. P2X6 receptor transcripts were also iden-
tified in LAD2 cells. (+RT) and (–RT) indicate the presence or the
absence of reverse transcription reaction. The housekeeping gene
b-actin was used as an internal control of integrity of the samples.
HLMCs, human lung mast cells.
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these conditions the mean current evoked by the first
application of 1 mM ATP was -44.3 � 4.2 pA·pF-1 (n = 5).
Pre-incubation with apyrase (0.32 U·mL-1 type VII) was simi-
larly effective in decreasing this pre-existing desensitization,
consistent with the view that it is caused by even nanomolar
levels of ATP (Rettinger and Schmalzing, 2003) released
into the growth media by dying or spontaneously active
cells.

In 94% of suramin pretreated cells, a current with similar
kinetics and amplitude was also elicited by the ATP analogue,
abmeATP (10 mM) (Figure 2B; mean amplitude -35.5 �

5.6 pA·pF-1, n = 29). The decline of the current evoked by a 5 s
application of 10 mM abmeATP was best fitted by a single
exponential with a time constant of 288 � 32 ms (n = 7).
Responses to repeated applications of agonist, given at 5 min
intervals, ran down (Figure 2A,B). This apparent irreversible
loss of receptor and lack of full recovery from desensitization
was also observed under perforated-patch recording condi-

tions (Figure 2C) and followed a mono-exponential time
course with a time constant of 127 s (Figure 2D). This rapid
rundown of the responses precluded detailed analysis of rank
order of potency of agonists for this receptor or a detailed
analysis of the current voltage-relationship. We were however,
able to confirm that the currents evoked by 1 mM ATP could
be reversibly antagonized by PPADS (1–10 mM) (Figure 3A,B)
and were also antagonized by the P2X1-selective antagonist
NF 449 (Rettinger et al., 2005) (Figure 3C,D). Taken together
with the RT-PCR data, these results indicate that LAD2 cells
express functional P2X1 receptors.

Presence of a P2X4-like current in LAD2 cells
Application of a moderately high concentration of ATP
(100 mM) elicited a biphasic current in 58% of cells tested
(n = 19). The first response evoked consisted of an initial fast
component with properties similar to the P2X1-like current

Figure 2 P2X1-like current in LAD2 cells. A rapidly activating and
fast desensitizing current is elicited by both ATP (A) and abmeATP (B)
in the whole-cell configuration. The time of agonist application is
indicated by bars drawn above the current traces. Consecutive
current traces shown represent the first and second application of
agonist given to the same cell with a 5 min interval. The second
response to agonist was always significantly attenuated compared
with the first, consistent with ‘rundown’ of the receptor. (C) Receptor
rundown is also seen in response to repeated applications of
abmeATP under perforated patch recording conditions. Currents
shown are from a single cells, agonist was applied for 2 s at times
indicated by arrow heads. (D) Mean data from n = 7 experiments like
that shown in (C), showing the time course of receptor rundown. The
line drawn through the data points represents the best fit exponential
decline. All currents were recorded at a holding potential of -60 mV
unless otherwise stated. abmeATP, abmethylene ATP.

Figure 3 Antagonism of P2X1-like current in LAD2 cells by PPADS
and NF 449. (A) Representative current traces recorded in response
to a 1 s application of ATP with PPADS and then again after a 10 min
washout of the antagonist. Cells were pre-equilibrated with the
antagonist with PPADS (10 mM) by superfusion for 3 min at the start
of the experiment. (B) Summary of PPADS (10 mM) antagonism of the
ATP (1 mM) induced current, expressed as mean peak currents � SEM
(n = 4). (C) Current induced by ATP (10 mM) in the presence or
absence of NF 449 (1 mM, superfused 5 min before and during
agonist application). (D) Summary of NF 449 antagonism of the
ATP-induced current, data expressed as mean current � SEM.
Nucleotides applied for duration indicated by bars above traces.
Currents were recorded at -60 mV. PPADS, pyridoxal phosphate-6-
azo(benzene-2,4-disulphonic acid.
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followed by a more sustained phase. Responses to subse-
quent applications of 100 mM ATP (1 min intervals) lacked the
initial fast component and consisted of a sustained current
which ran down over time in the whole-cell configuration
(Figure 4A). If the first application of 100 mM ATP was pre-
ceded by a 5 s conditioning application of 10 mM abmeATP to
desensitize any existing P2X1 receptors, then the resulting
current evoked by ATP lacked the initial peak and consisted of
only a slowly desensitizing current (Figure 4B). This type of
current was also observed in the presence the P2X7-selective
antagonist AZ11645373 (Stokes et al., 2006) (mean amplitude
106 � 19 pA (n = 11); Figure S2). From the molecular
expression patterns of P2X receptors in these cells along
with the kinetics of the response, it therefore seemed
likely a P2X4-like receptor was responsible for this slowly
desensitizing current. Homomeric P2X4 receptors are insen-
sitive to abmeATP at the concentrations used in this study
(10 mM), but reportedly gain sensitivity to this agonist in
heteromeric assemblies with P2X1 (Nicke et al., 2005). The

rapid desensitization kinetics of the currents recorded with
abmeATP in our studies are strikingly different to the slow
desensitization properties reported for heteromeric P2X1/4
receptors (Nicke et al., 2005) consistent with the view that
LAD2 cells express homomeric P2X1 receptors. Further evi-
dence against the existence of heteromeric assemblies of
P2X1/4 in LAD2 cells comes from the relative insensitivity
of the current evoked by 100 mM ATP in these cells to the
antagonist suramin (10–100 mM, n = 3 data not shown); both
P2X1 homomeric channels and P2X1/4 channels are fully
blocked by these concentrations of suramin (Nicke et al.,
2005).

Uniquely among the P2X receptors, homomeric P2X4
receptors have been shown to be potentiated by ivermectin
(Khakh et al., 1999) with both an increase in peak current
(Toulme et al., 2006) and prolongation of the current (Priel
and Silberberg, 2004). Treatment with ivermectin (3 mM,
3 min) significantly potentiated (1.8 � 0.2-fold, n = 7) the
slowly desensitizing current seen in response to 100 mM ATP
and markedly slowed the deactivation kinetics following
washout of the agonist (Figure 4B). The current–voltage
relationship of the ivermectin-potentiated current showed
moderate inward rectification and reversed near 0 mV as
expected for a non-selective cation current (Figure 4C).
Taken together, the kinetics and pharmacology of the
responses evoked by 100 mM ATP indicate that LAD2 cells
express functional P2X4 receptors as well as homomeric
P2X1 receptors.

Presence of a P2X7-like current in LAD2 cells
P2X7 receptors are distinguished from other types of P2X
receptors by their low affinity for ATP, requiring concentra-
tions in excess of 1 mM to be activated, their high affinity for
2′(3′)-0-(4-benzoylbenzoyl)ATP (BzATP), their sensitivity to
external divalent cations and their tendency to run-up rather
than run-down upon repeated agonist application (North,
2002). Consistent with the known properties of P2X7 recep-
tors, repeated application of 1–5 mM ATP in a low divalent
external solution to LAD2 cells evoked a slowly activating
current whose amplitude increased with each successive
application (96% of cells, n = 24) (Figure 5A). A current
showing similar characteristics could also be elicited by BzATP
(300 mM, 100% cells, n = 8) (Figure 5B). The current–voltage
relationship was characteristic of a P2X7-like channel
(Rassendren et al., 1997), showing no rectification and a rever-
sal potential of 0 mV (Figure 5C). Moreover, the current
was antagonized by AZ11645373, which markedly reduced
the mean facilitated current in response to 1 mM ATP
(Figure 5D,E). Pre-incubation of the cells for 15–25 min with
KN-62 (1 mM), a non-competitive antagonist at human P2X7
receptors (Gargett and Wiley, 1997; Humphreys et al., 1998),
also abolished currents evoked by 5 mM ATP (n = 5). Finally,
LAD2 cells were also shown to exhibit another characteristic
property of P2X7 receptors (North, 2002), namely the uptake
of ethidium bromide in response to receptor activation (ATP
5 mM, Figure S1). Thus in agreement with the molecular data,
electrophysiological and dye uptake studies of the purinocep-
tors present in LAD2 cells indicate the cells express functional
P2X1, P2X4 and P2X7 receptors.

Figure 4 P2X4-like current in LAD2 cells. (A) Overlayed currents
recorded in a single cell in response to repeated (numbered 1–6) brief
applications 100 mM ATP (indicated by bar drawn above). Note the
first current elicited by agonist application (labelled 1) has a biphasic
time course of desensisitization; the initial fast component is missing
from subsequent traces. (B) Example of ivermectin (IVM) potentiation
of the slowly desensitizing current evoked by 100 mM ATP. For
this experiment, any contributions from P2X1-like responses were
removed by desensitizing the receptor with a conditioning applica-
tion of abmeATP (10 mM, left panel), 100 mM ATP was then applied
(middle panel), followed by 3 min ivermectinapplication (3 mM) and
subsequent ATP+ivermectin application (right panel). (C) Current–
voltage relationship of ivermectin-potentiated current, mean � SEM
(n = 3). abmeATP, abmethylene ATP.
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P2X currents in HLMCs
Functional expression of P2X receptors in HLMCs was then
investigated using similar electrophysiology experiments.
Consistent with our results in LAD2 cells, a rapidly activating
and fast desensitizing P2X1-like current was also elicited
by either ATP or abmeATP in HLMCs (Figure 6A). abmeATP
(10 mM) produced a current in 94% of cells (n = 31) pre-
incubated with suramin (20 mM, 1.5–3 h) with a mean current
amplitude of -13.4 � 2.7 pA·pF-1 (pooled results from two
donors, n = 29) which desensitized with a mono-exponential
time course (t = 241 � 17 ms, n = 13). Raising the ATP con-
centration to 100 mM evoked a slowly desensitizing P2X4-like
current in only 21 % of these cells. The effect of ivermectin on
these responses was more varied than that observed in LAD2
cells; 80% (n = 5) showed an alteration in the current follow-
ing ivermectin treatment. In three out of four cells tested,
ivermectin increased the peak amplitude of the current
evoked by 100 mM ATP (overall an average of 3.0 � 1.7-fold
increase). However, more consistently, ivermectin slowed the
current deactivation kinetics resulting in a 13.5 � 6.6-fold
increase in the current remaining 3 s after termination of the
ATP (Figure 6B).

Application of high concentrations of ATP (5 mM) to
HLMCs evoked a P2X7-like current with characteristic

slow kinetics and which facilitated on repeated agonist-
applications (Figure 6C). A current with these properties
was seen in 54 % of cells tested (n = 24, pooled results three
donors). The variability in the expression of P2X7-like cur-
rents was observed from cell-to-cell rather than donor-to-
donor, and was therefore unlikely to be a consequence of
loss-of-function polymorphisms in the P2X7 gene (Fernando
et al., 2006). In responding cells, the average current before
facilitation was 16.5 � 2.0 pA·pF-1 compared with 183 �

Figure 5 P2X7-like current in LAD2 cells. (A) Superimposed traces
(labelled 1–6) from a single cell showing facilitation of P2X7-like
responses in response to repeated applications of ATP (5 mM), and
BzATP (300 mM) (B). (C) Current–voltage relationship of the ATP
evoked current expressed as mean � SEM (n = 5). (D) Near complete
antagonism of ATP (1 mM) induced current with AZ11645373 (1 mM
applied for 1 min prior to ATP+antagonist application). (D) Summary
of inhibition of ATP (1 mM) induced current by AZ11645373 (1 mM),
expressed as mean current � SEM (n = 4). All recordings made in low
divalent external solution to maximize P2X7 activation. Nucleotides
applied for durations indicated in bars above traces. Currents
were recorded at -60 mV unless otherwise stated. BzATP, 2′(3′)-0-(4-
benzoylbenzoyl)ATP.

Figure 6 P2X currents in HLMCs. (A) Rapidly desensitizing P2X1-like
current seen in response to abmeATP. (B) Example of a P2X4-like
current elicited by ATP (100 mM) showing a characteristic increase in
amplitude and duration following ivermectin (IVM) treatment [3 mM
superfused for 3 min before application of ATP (100 mM)+ivermectin
(3 mM)]. (C) Facilitating P2X7-like currents elicited by repeated appli-
cation of 5 mM ATP (1 min intervals, labelled 1–6). Maximum facili-
tation of the response (labelled 7) was achieved following a 1 min
continuous application of 5 mM ATP. (D) Current–voltage relation-
ship of ATP (5 mM) induced current, means � SEM (n = 5). (E)
Antagonism of ATP (1 mM) induced currents by AZ 11645373 (1 min
application of antagonist prior to ATP+antagonist application).
(F) Summary of antagonism of ATP (1 mM) induced current by
AZ11645373, expressed as mean currents � SEM (n = 6). Recordings
made in low divalent external solution to maximize currents through
P2X7 receptors. Nucleotides applied for durations indicated by
bars drawn over the traces. Currents were recorded at -60 mV unless
otherwise stated. HLMCs, human lung mast cells.

P2X receptors in mast cells
1220 K Wareham et al

British Journal of Pharmacology (2009) 157 1215–1224



56 pA·pF-1 (n = 11) post facilitation. The current–voltage rela-
tionship of the facilitated current was linear with a reversal
potential at 0 mV (Figure 6D). As observed with the P2X7-like
current in LAD2 cells, the facilitating current observed in
HLMCs was abolished by 1 mM AZ11645373 (Figure 6E,F).

Discussion

This study provides the first functional evidence for the
expression of P2X receptors in HLMC and the LAD2 cell line.
The molecular and electrophysiological data show that both
these types of human mast cells express three distinct sub-
types of P2X receptors with properties which closely resemble
those described for homomeric P2X1, P2X4 and P2X7
receptors (North, 2002).

Homomeric P2X1 receptors are characterized by their fast
activation and desensitization kinetics, high affinity for ATP
and abmeATP (EC50 ~1 mM) and high sensitivity to blockade
by the non-selective P2 antagonists PPADS as well as the
P2X1-selective antagonist NF 449 (Evans et al., 1995; Ret-
tinger et al., 2005). These properties correspond closely with
those observed for responses evoked by low concentrations
(1–10 mM) of ATP and abmeATP in our human mast cells. In
common with previous reports on native and expressed P2X1
receptors (Evans et al., 1995; Lewis and Evans, 2000; Sim
et al., 2007), the P2X1-like currents evoked in both the LAD2
cells and HLMC showed rapid ‘run-down’ upon repeated
application of agonist with consequent loss of responsiveness
to low concentrations of ATP. Unlike P2X1-receptors in
smooth muscle cells (Lewis and Evans, 2000), rundown in the
mast cells was not prevented by using the perforated patch
recording technique, indicating that it was not caused by loss
of cytoplasmic components in the whole-cell recording con-
figuration. It is therefore more likely to represent a desen-
sitization process with a very slow recovery time, possibly
associated with receptor internalization (Dutton et al., 2000;
Ennion and Evans, 2001). Activation of this slow desensiti-
zation process by endogenous ATP, released into the culture
media by spontaneously active (Osipchuk and Cahalan,
1992) or dying cells, is likely to account for the cell-to-cell
variability in responsiveness we observed in both types of
mast cells and would explain why pretreatment with apyrase
or a reversible antagonist reduces this variability. This pre-
existing desensitization of P2X1 receptors could also account
for failure of previous studies on mast cells to detect the
presence of P2X1-like receptors (Tatham and Lindau, 1990;
Schulman et al., 1999).

P2X1 receptors are also reported to form heteromeric
assemblies with P2X5 or P2X4 receptors (North, 2002; Nicke
et al., 2005; Rettinger et al., 2005; Lalo et al., 2008). Neither
LAD2 nor HLMCs expressed mRNA for P2X5, we can therefore
discount the presence of P2X1/5 receptors; both, however,
expressed P2X4 mRNA, raising the possibility for the expres-
sion of P2X1/4 receptors. The rapid desensitization of
responses to abmeATP observed in our studies are, however,
very different to the sustained responses reported for P2X1/4
receptors (Nicke et al., 2005), supporting the notion that
in human mast cells, as in macrophages (Sim et al., 2007),
co-expression of P2X1 and P2X4 does not necessarily lead

to the formation of heteromeric receptors but instead to
the expression of two separate populations of homomeric
receptors.

Increasing the concentration of applied ATP to moderate
levels (100 mM) revealed the presence of a second P2X-like
current in LAD2 and HLMCs which had distinct pharma-
cology and slow desensitization kinetics compared with the
P2X1-receptors. This second receptor subtype was abmeATP-
insensitive and was potentiated and prolonged by ivermectin,
two characteristic features of homomeric P2X4 receptors
(Khakh et al., 1999; North, 2002). Moreover, like heterolo-
gously expressed P2X4 receptors (Fountain and North, 2006),
the P2X4-like currents in human mast cells declined in
amplitude with repeated agonist application under whole-
cell recording conditions and was not antagonized by
AZ11645373. Given that we also found mRNA for P2X4, we
concluded that P2X4 receptors account for this second
component of ATP-induced current in human mast cells.

Increasing the concentration of ATP to mM levels revealed
a third component P2X-mediated current in the human mast
cells with biophysical and pharmacological properties which
closely resemble cloned human P2X7 receptors and native
P2X7-like receptors in other immune cells (Rassendren et al.,
1997; North, 2002). Thus BzATP was an effective agonist
at the P2X7-like receptor in LAD2 cells and HLMCs, but as
observed previously for cloned human P2X7 receptors, the
potency was significantly less than at rodent P2X7 (Rassen-
dren et al., 1997) and the human P2X7-selective antagonist
AZ11645373 (Stokes et al., 2006) effectively abolished the cur-
rents evoked by 1 mM ATP in both the LAD2 cells and HLMC.
Consistent with the known pharmacology of human P2X7
receptors (Gargett and Wiley, 1997; Humphreys et al., 1998),
KN-62 was also found to antagonize the current evoked
by 5 mM ATP in LAD2 cells. Other characteristic features of
cloned human homomeric P2X7 receptors including sensitiv-
ity to extracellular divalent cations, changes in their time
course and increasing amplitude with repeated agonist
application and linear current–voltage relationship were also
observed in the human mast cells. Thus our electrophysi-
ological data along with the RT-PCR data strongly indicate
that HLMC and LAD2 cells express functional P2X7-like
receptors. In contrast to our findings, Schulman et al. (1999)
failed to detect the presence of P2X7 receptors in HLMCs. The
main difference between our study and theirs was that they
used freshly isolated HLMCs, while we used cells treated with
stem cell factor and IL-6 to prevent apoptosis and sustain
them in culture. Thus four possible explanations for the dif-
ferences between the results of the two studies are (i) the
expression of P2X7 receptors was up-regulated by the culture
conditions; (ii) P2X7-receptor expressing cells are selectively
killed during cell isolation procedures by exposure to high
levels of ATP present from damaged and dying cells; (iii)
P2X receptor expression varies among subtypes of mast
cells present in human lung (Oskeritzian et al., 2005); or
(iv) HLMCs used in the Schulman study were inadvertently
isolated from a group of donors homozygous for one of the
loss-of-function polymorphisms in the P2X7 gene (Fernando
et al., 2006).

Mast cells are notoriously heterogeneous, as their pheno-
type is strongly influenced by the environment of the tissue
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in which they reside, by cell-to-cell contact and differences in
the concentration of stem cell factor and other cytokines and
chemokines to which they are exposed (Metz and Maurer,
2007). Interestingly another study which used human mast
cells derived from cord blood mononuclear cells, cultured
under similar conditions to ours, also found mRNA for P2X1,
P2X4 and varying levels of P2X7 (Feng et al., 2004). As expres-
sion levels of P2X7 and P2X4 receptors are known to be
dynamically regulated in other immune cells in response to
pro- and anti-inflammatory stimuli (Humphreys and Dubyak,
1998; La et al., 2003; Raouf et al., 2007; Wilson et al., 2007), it
seems highly plausible that the expression of these receptors
in human mast cells may also be regulated within the lung.
Dynamic regulation of P2X7 and P2X4 in maturing or acti-
vated mast cells could also explain why we found differences
in the percentages of HLMCs expressing functional P2X4
(21%) versus P2X7 receptors (54%) compared with P2X1
(94%).

Co-expression of P2X4 and P2X7 is found in many other
types of immune cells as well as non-immune cells (Dubyak,
2007). Within the lung, receptors with properties resembling
P2X4 and P2X7 have been described in macrophages and
ciliated epithelia (Rassendren et al., 1997; Bowler et al., 2003;
Ma et al., 2006). Recently, evidence for the existence of het-
eromeric P2X4/7 receptors with a mixed pharmacology has
emerged (Guo et al., 2007). Notably these receptors have a
higher sensitivity to BzATP than ATP and are allosterically
modulated by ivermectin. Whether these heteromeric recep-
tors are able to regulate the full complement of downstream
signalling pathways described for P2X7 receptors, including
the ability to form ethidium and YO-PRO-1 permeable pores
has not been investigated. Unfortunately, without the expres-
sion of dominant negative subunits like those used by Guo
et al. (2007), distinguishing between a mixed population
of heteromeric assemblies and homomeric assemblies of
P2X4/7, P2X4 and P2X7 in HLMCs and LAD2 cells is not
possible.

The presence of P2X7 receptors in rodent mast cells is
well established. Early studies in rat peritoneal mast cells
identified an ATP4--gated ion channel which had a large
pore conductance and linear current–voltage relationship,
that caused calcium influx, degranulation, histamine release,
permeabilization of the membrane and dye uptake (Bennett
et al., 1981; Tatham et al., 1988). RT-PCR, Western blotting
and calcium imaging studies further confirmed the presence
of P2X7 receptors in murine bone marrow-derived mast
cells and moreover showed them to up-regulate trans-
cription and trigger release of pro-inflammatory cytokines
and to induce mast cell apoptosis (Bulanova et al., 2005).
Interestingly, the RT-PCR data of Bulanova et al. (2005)
also indicated the presence of P2X1 and P2X4 receptors con-
sistent with the our data in human mast cells. However,
functional evidence for the expression of the receptors is
lacking and was unlikely to have been detected as most
experiments were performed with high and relatively long
applications of ATP which would desensitize P2X1 and
homomeric P2X4 receptors.

Mast cells are strongly implicated in the pathogenesis of
many allergic diseases, including asthma via their release of
mediators into surrounding tissues (Bradding et al., 2006). In

areas of inflammation, such as the site of an allergic reaction,
there are many sources of ATP such as ruptured blood vessels,
platelets and even activated mast cells themselves (Beigi et al.,
1999; Adriaensen and Timmermans, 2004). By expressing a
mixture of P2X1, P2X4 and P2X7 receptors with their high-
to-low affinity for ATP, HLMCs and a growing number
of immune cells found to express the same repertoire of
receptors, would be able to tailor their response to ATP
in a concentration-dependent manner. Thus submicromolar
levels of ATP would selectively activate P2X1 receptors, which
although rapidly desensitizing, can none-the-less produce sig-
nificant calcium influx (Evans et al., 1996; Egan and Khakh,
2004) and which may synergize with signalling by other
classes of receptors (Vial et al., 2002; Fung et al., 2007), includ-
ing P2Y receptors and IgE receptors (Schulman et al., 1999;
Kuehn and Gilfillan, 2007), to significantly modulate mast
cell function. Increasing ATP concentrations to micromolar
levels would recruit signalling via P2X4, which like P2X1
receptors, have high calcium permeability (Egan and Khakh,
2004) but are much less rapidly desensitized and therefore can
produce long lasting changes in intracellular calcium inde-
pendently of other receptor regulated pathways present in
mast cells. Increasing ATP concentrations yet further to
millimolar levels would lead to activation of P2X7 receptor
signalling cascades (Chen and Brosnan, 2006), cytokine
generation and finally apoptosis and attenuation of the
inflammatory response in that particular region of the lung
(Bulanova et al., 2005). Thus via their effects either inde-
pendently or in consort with other signalling pathways, P2X
receptors are likely to play an important role in mast cell
signalling and could represent novel targets for mast cell
stabilizing drugs used in treatment of chronic inflammatory
diseases such as asthma.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Ethidium bromide uptake in LAD-2 cells in
response to 5 mM ATP. Time course of ethidium bromide
uptake and intracellular fluorescence increase. Traces repre-
sent the mean � SEM (n = 66 cells). Cells were plated on
poly-L lysine coated coverslips and perfused with a bath solu-
tion containing (in mM) 147 NaCl, 10 HEPES, 16 Glucose, 2
KCl, 2 CaCl2 and 1 MgCl2 (pH 7.3, NaOH) supplemented with
25 mM ethidium bromide. 5 mM ATP applied at t = 100 s.
Experiments carried out on a Nikon confocal imaging system.

Figure S2 P2X1 and P2X4 like currents in LAD-2 cells in the
presence of 1 mM AZ11645373. Cells superfused with 1 mM
AZ11645373 for at least 1 min prior to agonist applications.
Recordings made in the whole cell configuration at a holding
potential of -60 mV.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the
article.
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