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Pharmacological and electrophysiological characterization of rat P2X currents
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Adenosine 5’-triphosphate (ATP) is an important extra-
cellular signaling molecule which is involved in a variety of
physiological responses in many different tissues and cell
types, by acting at P2 receptors, either ionotropic (P2X) or G
protein-coupled metabotropic receptors (P2Y). P2X receptors
have seven isoforms designated as P2X,-P2X.. In this study,
we investigated the electrophysiological and pharmacological
properties of rat P2X,-P2X, currents by using whole-cell
patch clamp technique in a heterologous expression system.
‘When ATP-induced currents were analyzed in human embryonic
kidney (HEK293) cells following transient transfection of rat
P2X,-P2X,, the currents showed different pharmacological and
electrophysiological properties. ATP evoked inward currents
with fast activation and fast desensitization in P2X;- or P2X;-
expressing HEK293 cells, but in P2X,- or P2X,-expressing
HEK?293 cells, ATP evoked inward currents with slow activation
and slow desensitization. While PPADS and suramin inhibited
P2X, or P2X, receptor-mediated currents they had little effects
on P2X, receptor-mediated currents. Ivermectin potentiated
and prolonged P2X, receptor-mediated currents, but did not
affect P2X, or P2X, receptor-mediated currents. We suggest
that distinct pharmacological and electrophysiological properties
among P2X receptor subtypes would be a useful tool to
determine expression patterns of P2X receptors in the nervous
system including trigeminal sensory neurons and microglia.
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Introduction

Adenosine 5’-triphosphate (ATP) is an important extracellular
signalling molecule and its release evoke a variety of
physiological responses in many different tissues and cell
types (Khakh & North, 2006; Ralevic ef al., 1998). Many of
the biological effects of extracellular ATP are mediated by P2
receptors, either the nucleotide-gated ion-channel (P2X) or G
protein-coupled (P2Y) receptors (Boeynaems et al., 2005;
Khakh & North, 2006; Ralevic et al., 1998). Seven mammalian
P2X receptor subunits (P2X,—P2X,) have been identified
and the mRNA for P2X receptors is expressed in a wide
range of tissues and cells, and the properties of P2X receptor
subtypes have been studied in a number of neurons, including
sensory, sympathetic, parasympathetic, myenteric and central
neurons (Burnstock, 2007b). Besides, with P2X receptors
cloned, the properties of P2X receptors have been widely
investigated. Homomeric P2X,, P2X,, P2X,, P2X,, P2X,, and
P2X, channels and some heteromeric P2X channels such as
P2X,, and P2X, s have been characterized in a hete- rologous
expression system (Bianchi et al., 1999; Burmnstock, 2006,
2007a & 2007b; Evans et al., 1995; North, 2002).

However, lack of selective agonists and antagonists of P2X
receptors still limits the thorough characterization of P2X
receptors. In addition, there are several controversial results
from different groups (North, 2002). For example, the
mouse P2X, was found to be blocked by PPADS (Jones et
al., 2000), whereas the currents evoked by ATP at the mouse
P2X, receptor were actually increased by PPADS (Townsend-
Nicholson et al., 1999). It has also been demonstrated that
suramin has different effects on P2X currents in different
species (Ikeda, 2007; Sim et al, 2007). To date, these
discrepancies remain to be resolved.

Thus, in the present study, we set out to characterize rat
P2X receptor currents in terms of their electrophysiological
and pharmacological properties. Following transient transfection
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of rat homomeric P2X,-P2X, receptors in HEK293 cells,
ATP-induced currents were analyzed by using whole-cell
patch clamp technique, respectively. It was also thought that
electrophysiological and pharmacological characterization
of rat P2X receptor subtypes would be helpful to identify
expression patterns of P2X receptors in the nervous system
including trigeminal sensory neurons and microglia.

Materials & methods

Transient transfection of P2X,-P2X, in HEK293 cells

c¢DNAs encoding the P2X,-P2X, subunits were expressed
individually in HEK 293 cells. HEK293 cells were cultured
in Dulbecco’s modified Eagle’s medium and 10% heat-
inactivated fetal bovine serum containing penicillin and
streptomycin. Cells reaching 60-80% confluency were used
for transient cDNAs of rP2X,-P2X, transfections with the
cationic liposome method with 1 pg of supercoiled plasmid
cDNA per 1> 10’ cells mixed with 2.5 ul enhancer and 3 pl
WelFect-EX™ in 0.5ml of serum-free medium. Green
fluorescence protein (GFP) was co-transfected with P2X
receptors as an expression marker. After 5 h at 37°C, the
medium was replaced with normal HEK293 media, and
cells were incubated for another 28~36 h before electro-
physiological experiments.

Electrophysiological recordings

Whole-cell voltage-clamp recordings were performed for
the measurement of ATP-evoked currents with an Axopatch-
1C amplifier (Axon Instruments, Union City, CA, USA).
The patch electrodes and puffer pipettes were pulled from
borosilicate capillaries (Chase Scientific Glass, Inc., Rockwood,
TN, USA). When the pipettes were filled with the solution,
their resistance was 2~4 MQ2 The extracellular solution
contained (mM): NaCl 147, KCI 3, MgCl, 1, CaCl, 2,
Glucose 13, HEPES 10, and pH adjusted to 7.4 with NaOH.
The pipette solution contained (mM): NaCl 147, HEPES 10,
and EGTA 10, pH adjusted to 7.3 with NaOH. The resting
potential was held at —60 mV.

Drugs

Adenosine-5’-triphosphate  (ATP), suramin, pyridoxal-5-
phosphate-6-azophenyl-2’,4’-disulfonic acid (PPADS), and
ivermectin were purchased from Sigma. ATP were applied via a
glass ‘puffer’ pipette (1 um tip diameter, 5 psi) using a
Picopump (Medical Systems Corporation, PLI-100, Greenvale,
NY, USA). The tip of the puffer pipette was positioned
downstream from the cell with respect to the direction of flow of
the superfusing solution, and temporarily repositioned to a point
about 15 pm from the cell only for the period of application.
After a single application of ATP to any cell, a subsequent
application was performed. In ivermectin experiments, many
times of applications of ATP were performed. We normalized
the second current to the first one to analyze the effects of P2X

receptor antagonists, suramin and PPADS, on ATP-evoked
currents. Antagonists were applied by superfusing for 170s
before the second application of ATP, and the ATP-evoked
currents were compared with those observed in other cells
without antagonist pretreatment. The perfusion rate of bath
solution was continuous (4 ml/min) during the experiment.

Statistical analyses

Data are expressed as meant SEM. ANOVA and Student’s
t test was used to determine the differences using the
software Origin 6.0 (Northampton, MA, USA). Differences
were considered to be significant when p was less than 0.05.

Results

Electrophysiological properties of ATP-induced currents
in P2X,-P2X, expressing-HEK293 cells

10 uM ATP was used to induce inward currents at the holding
potential of —60 mV in P2X,-P2X, expressing HEK293 cells
(Fig. 1). P2X, and P2X; receptor-mediated currents underwent
fast desensitization. Recovery from desensitization is
extremely slow, and the second application of ATP did not
elicit as large currents as the first application (Fig. 1B). Asto
P2X,, almost no currents were recorded by the second
application of ATP. In contrast, P2X, and P2X, receptor-
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Fig. 1. Electrophysiological recordings of P2X;-P2X, receptors-
mediated currents activated by 10 uM ATP at the holding potential
of -60 mV in HEK293 cells. A, Average current traces activated by
10 uM ATP in P2X,-P2X —expressing HEK293 cells; n=9 (P2X),
n=45 (P2X,), n=60 (P2X;), and n=35 (P2X,). B, Records of
P2X,-P2X, receptors-mediated currents activated by twice applica-
tions of 10 uM ATP with the interval of 90s in HEK293 cells. Black
points indicate the time point of ATP application.
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mediated currents underwent slow desensitization, the second
application of ATP-induced currents were almost unchanged
compared to the first ATP-induced currents (Fig. 1B).

Pharmacological property of P2X, receptor-mediated
currents in HEK293 cells

In order to perform pharmacological characterization, we
used two non-selective P2X receptor antagonists, suramin and
PPADS (North & Surprenant, 2000). Both suramin and
PPADS inhibited 3 uM ATP-induced currents in P2X,-
expressing HEK293 cells (Fig. 2A). The inhibitory effect of
PPADS (79+ 6%, n = 6) on ATP-induced currents was bigger
than suramin (33% 5%, n=_8) (p<0.05) (Fig. 2B), indicating
that P2X, was more sensitive to PPADS than suramin. Ivermectin
did not affect ATP-induced currents (n=>5, data not shown).

Phamacological property of P2X; receptor-mediated
currents in HEK293 cells

Both suramin and PPADS inhibited 3 uM ATP-induced
currents in P2X;-expressing HEK293 cells (Fig. 3A). Unlike
in P2X, receptor, the inhibitory effects of PPADS (911 9%,
n="7)and suramin (79£ 9%, n = 8) on P2X, receptor-mediated
currents were not significantly different (p>0.05) (Fig. 3B),
indicating that the sensitivity of P2X; to PPADS was similar to
suramin. Ivermectin was also not found to affect the P2X,
receptor-mediated currents (n =35, data not shown).

Phamacological property of P2X, receptor-mediated
currents in HEK293 cells

Differently from P2X, and P2X, receptor, neither suramin
(n =7, data not shown) nor PPADS (Fig. 4A, n = 5) inhibited
P2X, receptor-mediated currents in P2X,-expressing HEK293
cells. In addition, ivermectin potentiated and prolonged 3 pM
ATP-induced currents in P2X,-expressing HEK293 cells
(Fig. 4B, n=06).

Discussion

We tested the electrophysiological and pharmacological
properties of P2X,-P2X, receptors-mediated currents in
HEK293 cells, which is currently one of the most common
heterologous expression systems for studying ligand-gated
ion channels. ATP-gated channels, which are not endoge-
nously expressed in HEK293 cells, can be expressed well in
HEK293 cells after transfection with the P2X subunit cDNA
(Dutton et al., 2000; Woodward et al., 2004). When we tested
the effects of ATP (3 uM, 10 uM, 30 uM and 100 pM) in
naive HEK293 cells, no currents were observed (data not
shown). However, 3 uM, 10 puM, 30 uM and 100 uM ATP
evoked inward currents in all P2X, P2X, P2X; and P2X,-
expressing HEK293 cells, respectively.

In all P2X,-P2X,-expressing HEK293 cells, 10 uM ATP
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Fig. 2. Pharmacology of P2X, receptor-mediated currents in
HEK?293 cells. Records of currents activated by twice applications
of 3 uM ATP with the interval of 3 min under control (Aa), 30 UM
suramin (Ab), and 10 uM PPADS (Ac). Suramin and PPADS were
pretreated for 170s before the second ATP application. Black points
indicate the time point of ATP application. B, Summary of the inhib-
itory effects of 30 uM suramin and 10 uM PPADS on P2X, recep-
tor-mediated currents in HEK293 cells. The effect of suramin is
significantly smaller than PPADS (mean * SEM, p< 0.05). The
number in parentheses represents the number of cells studied.

Fig. 3. Pharmacology of P2X; receptor-mediated currents in
HEK293 cells. Records of currents activated by twice applications
of 3 uM ATP with the interval of 3 min under control (Aa), 30 uM
suramin (Ab), and 10 uM PPADS (Ac). Suramin and PPADS were
pretreated for 170s before the second ATP application. Black points
indicate the time point of ATP application. B, Summary of the inhib-
itory effects of 30 uM suramin and 10 uM PPADS on P2X,-recep-
tor-mediated currents in HEK293 cells. The effects of suramin and
PPADS are not significantly different (mean £ SEM, p>0.05). The
number in parentheses represents the number of cells studied.
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Fig. 4. Pharmacology of P2X, receptor-mediated currents in
HEK?293 cells. A, records of currents activated by twice applications
of 3 uM ATP with the interval of 3 min under control (left) and
10 uM PPADS (right), B, ATP-induced currents by 5 times applica-
tions of ATP during control (left) and 3 uM ivermectin (right). Black
points indicate the time point of ATP application.

evoked inward currents at a holding potential of —60 mV.
P2X, and P2X;-mediated currents showed fast activation
and fast desensitization, while P2X, and P2X,-mediated
currents showed slow activation and slow desensitization.
Recovery from desensitization was extremely slow in P2X,
and P2X; so that the second application of ATP induced
smaller currents than the first one. Especially in P2X,,
almost no currents were recorded by the second application
of ATP. In P2X, and P2X,, slow desensitization was observed
compared to P2X, and P2X; receptors-mediated currents.
These data were in good agreement with previous studies
(North, 2002).

Both suramin and PPADS are non-selective antagonists of
P2X receptors (North & Surprenant, 2000). In P2X,-P2X,-
expressing HEK293 cells, we tested the effects of suramin
and PPADS on 3 uM ATP-induced currents based on
previous studies on antagonists of P2X receptors (Hamilton,
2002). P2X, receptor was reported to be inhibited by suramin
and PPADS (Evans et al., 1995). However, because of the
fast desensitization of P2X, receptor-mediated current, we
did not test the pharmacological properties of P2X, receptor.
Previous studies on the effects of suramin and PPADS had
controversial results in different or even in the same species
(Bo et al., 1995; Jones et al., 2000; North, 2002; Townsend-
Nicholson et al., 1999). For example, the mouse P2X, was
found to be blocked by PPADS (Jones ef al., 2000), while in
another group, the currents evoked by ATP at the mouse P2X,
receptor were actually found to be increased by PPADS
(Townsend-Nicholson ef al, 1999). In addition, in P2X,-

expressing Xenopus oocytes, it was found that both
antagonists enhanced ATP-induced currents (Bo ez al., 1995).
It has also been demonstrated that suramin has different
potency to block P2X, receptors in different species such as
rat, mouse, and human (North, 2002). P2X, receptors are
relatively unaffected by suramin in rat, while blocked in
human and increased in mouse. In addition, it was found that
suramin did not inhibit the ATP-induced currents in mouse
macrophages and mouse megakaryocytes (Ikeda, 2007; Sim
et al., 2007). In the present study, both suramin and PPADS
inhibited ATP-induced currents in P2X, and P2X; expressing
HEK293 cells, and P2X; was more sensitive to suramin and
PPADS than P2X,. In addition, the inhibitory effect of
PPADS on P2X;receptor-mediated currents was bigger than
suramin, indicating that P2X; was more sensitive to PPADS
than suramin, while the inhibitory effects of both antagonists
on P2X, receptor-mediated currents were not significantly
different. The effects of suramin and PPADS on P2X, and
P2X, are almost consistent with the previous studies (North,
2002). Different from P2X, and P2X;, neither suramin nor
PPADS affected ATP-induced currents in P2X, expressing
HEK293 cells, which is consistent with the previous study
on the effect of suramin on rat P2X, (North, 2002), but
different from the studies on the effect of PPADS on mouse
and Xenopus oocytes (Jones et al, 2000; Townsend-
Nicholson et al., 1999; Bo et al., 1995).

The effect of ivermectin, which is an allosteric modulator of
several receptor channels including mammalian P2X, (Toulmé
et al., 2006), was also tested. Ivermectin produced profound
potentiation and prolongation of the P2X,-mediated currents
in HEK293 cells, but had no effects on P2X, and P2X;-
mediated currents. These data are consistent with previous
studies (Khakh & North, 2006; Priel & Silberberg, 2004).

Our results demonstrate that the electrophysiological pro-
perties of P2X,-P2X, are consistent with previous studies,
while pharmacological properties are clearly distinctive
among different P2X receptor subtypes. The development of
new selective agonists and antagonists of P2X receptors will
further help the thorough characterization of P2X receptors.
It is thought that distinctive electrophysiological and pharma-
cological properties of rat P2X receptor subtypes would
provide an insight into the identification of the expression
patterns of P2X receptors in the nervous system including
trigeminal sensory neurons and microglia (Burgard ez al., 1999;
Sim et al., 2007), which are the crucial cellular components in
pain information processing under normal and pathological
pain conditions (Burnstock, 2007a).

Acknowledgements

This research was supported by the Korea Research
Foundation Grant funded by the Korean Government
(MOEHRD, Basic Research Promotion Fund) (KRF-2006-
312-E00143). We thank Dr. North RA (Faculty of Life



Properties of P2X,-P2X, receptor currents 5

Sciences, The University of Manchester) for the plasmid
cDNAs of P2X,-P2X,.

References

Bianchi B.R., Lynch K.J., Touma E, Niforatos W, Burgard
E.C., Alexander K.M., Park H.S., Yu H, Metzger R, Kowaluk
E, Jarvis M.F., van Biesen T.: Pharmacological characte-
rization of recombinant human and rat P2X receptor
subtypes. Eur J Pharmacol. 376:127-38, 1999.

Bo X, Zhang Y, Nassar M, Burnstock G, Schoepfer R.: A P2X
purinoceptor cDNA conferring a novel pharmacological
profile. FEBS Lett. 375:129-33, 1995.

Boeynaems J.M., Communi D, Gonzalez N.S., Robaye B.:
Overview of the P2 receptors. Semin Thromb Hemost.
31:139-49, 2005.

Burgard E.C., Niforatos W, van Biesen T, Lynch K.J., Touma
E, Metzger R.E., Kowaluk E.A., Jarvis M.F.: P2X receptor-
mediated ionic currents in dorsal root ganglion neurons. J
Neurophysiol. 82:1590-8, 1999.

Burnstock G.: Purinergic P2 receptors as targets for novel
analgesics. Pharmacol Ther. 110:433-54, 2006.

Burnstock G.: Physiology and pathophysiology of purinergic
neurotransmission. Physiol Rev. 87:659-797, 2007a.

Burnstock G.: Purine and pyrimidine receptors. Cell Mol Life
Sci. 64:1471-83, 2007b.

Dutton JL, Poronnik P, Li GH, Holding CA, Worthington RA,
Vandenberg RJ, Cook DI, Barden JA, Bennett MR.: P2X(1)
receptor membrane redistribution and down-regulation
visualized by using receptor-coupled green fluorescent protein
chimeras. Neuropharmacology. 23;39:2054-66, 2000.

Evans R.J., Lewis C, Buell G, Valera S, North R.A., Surprenant
A.: Pharmacological characterization of heterologously

expressed ATP-gated cation channels (P2X purinoceptors).
Mol Pharmacol. 48:178-83, 1995.

Hamilton SG.: ATP and pain. Pain Pract. 2:289-94, 2002.

Ikeda M, Characterization of functional P2X(1) receptors in
mouse megakaryocytes. Thromb Res. 119:343-53,2007.

Jones C.A., Chessell I.P., Simon J, Barnard E.A., Miller K.J.,
Michel A.D., and Humphrey P.P.: Functional characterization
of the P2X4 receptor orthologues. Br J Pharmacol. 129: 388-
394, 2000.

Khakh B.S., North R.A.: P2X receptors as cell-surface ATP
sensors in health and disease. Nature. 442:527-32, 2006.

North R.A.: Molecular physiology of P2X receptors. Physiol
Rev. 82:1013-67, 2002.

North R.A., Surprenant A.: Pharmacology of cloned P2X
receptors. Annu Rev Pharmacol Toxicol. 40:563-80, 2000.
Priel A, Silberberg S.D.: Mechanism of ivermectin facilitation
of human P2X4 receptor channels. J Gen Physiol. 123: 281-

293,2004.

Ralevic V, Burnstock G.: Receptors for purines and pyrimidines.
Pharmacol Rev. 50:413-92, 1998.

Sim J.A., Park C.K., Oh S.B., Evans R.J., North R.A.: P2X(1)
and P2X(4) receptor currents in mouse macrophages. Br J
Pharmacol. 152:1283-90, 2007.

Toulmé E, Soto F, Garret M, Boué-Grabot E.: Functional
properties of internalization-deficient P2X4 receptors reveal
a novel mechanism of ligand-gated channel facilitation by
ivermectin. Mol Pharmacol. 69:576-87, 2006.

Townsend-Nicholson A, King B.F.,, Wildmann S.S., and
Burnstock G. Molecular cloning, functional characterization
and possible cooperativity between murine P2X4 and
P2X4a receptors. Mol Brain Res. 64: 246-254, 1999.

Woodward JJ, Nowak M, Davies DL.: Effects of the abused
solvent toluene on recombinant P2X receptors expressed in
HEK?293 cells. Mol Brain Res. 125:86-95, 2004.



