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ABSTRACT

We recently reported that a novel hetero-oligomeric P2X recep-
tor is formed from the P2X; and P2X; isoforms when coex-
pressed in human embryonic kidney 293 cells (Torres et al.,
1998). A more complete description of the pharmacology of this
novel receptor is presented here. A brief application of ATP to
a voltage-clamped cell transiently expressing P2X, 5 receptors
resulted in a biphasic current that rapidly reached a peak and
then decayed to a sustained plateau. Washout of ATP was
accompanied by generation and fade of a pronounced tail of
inward current. EC5, values were determined from concentra-
tion-response curves for a range of agonists. The rank order of
agonist potency was ATP = 2 methylthio ATP > adenosine
5’-O-(3-thiotriphosphate) > «, 3-methylene ATP > ADP > CTP.
o, B-methylene ADP, UTP, GTP, and AMP were ineffective. Only

ATP and 2 methylthio ATP were full agonists. IC,, values were
determined from concentration-response curves for three com-
monly used purinergic antagonists. Suramin and pyridoxal
phosphate-6-azophenyl-2’, 4’-disulfonic acid were equipotent
at P2X, and P2X,, receptors; however, the P2X,, receptor
was much less sensitive to TNP-ATP than was the P2X, recep-
tor. The amplitude of peak ATP-gated current was relatively
insensitive to changes in [Ca®"], (1-30 mM). Finally, plateau
currents were potentiated by low concentrations of pyridoxal
phosphate-6-azophenyl-2’, 4’-disulfonic acid and by raising
[Ca®"'],. These results provide additional information on the
pharmacological profile of the recombinant P2X,,; receptor
channel and provide a basis to further evaluate ATP-induced
currents in native tissues.

Extracellular ATP-mediated signaling is achieved in part
through activation of a family of P2X receptors that conduct
the flow of sodium, potassium, and calcium across cell-sur-
face membranes (Bean and Friel, 1993; Surprenant et al.,
1995; Brake and Julius, 1996). Activation of these ionotropic
receptors produces a sudden change in membrane potential
that initiates a variety of physiological functions including
smooth muscle contraction, neuroendocrine secretion, synap-
tic transmission, and the perception of pain (Ralevic and
Burnstock, 1998).

To date, seven different P2X isoforms have been discovered
through ¢cDNA cloning. With the single exception of the P2Xj
isoform, each can form a functional homo-oligomeric receptor
with a distinct pharmacological and biophysical profile when
individually expressed in heterologous cell systems (Torres et
al., 1999). In many cases, the phenotypes of native ATP-gated
currents match those of the recombinant homomeric P2X
receptor. For example, currents recorded from oocytes ex-
pressing the P2X; receptor closely resemble the native ATP-
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mediated response of the rat vas deferens (Valera et al., 1994,
Khakh et al., 1995; Collo et al., 1996). However, it is often
difficult to equate a native response with current through a
recombinant homo-oligomeric receptor. This may be because
additional P2X isoforms exist that have yet to be cloned, the
native response is modulated by a regulatory pathway that is
missing in the heterologous systems, or some native recep-
tors are hetero-oligomeric complexes of different P2X iso-
forms. The formation of functional ion channels by hetero-
meric assembly of different isoforms is not without prece-
dent; heteromultimeric nicotinic, glutamatergic, and glycin-
ergic receptors are examples (Betz, 1990; Barnard, 1992;
Claudio, 1992). The hypothesis that P2X receptors also can
form hetero-oligomeric assemblies is supported by data that
show that individual isoforms coimmunoprecipitate in a
number of different but specific heteromeric combinations
(Torres et al., 1999). Furthermore, many tissues contain
mRNA for multiple P2X receptor isoforms (Collo et al., 1996;
Vulchanova et al.,, 1997). One example is the overlap of
mRNA expression of the P2X; and P2X; isoforms in the
ventral horn of the spinal cord (Collo et al., 1996). We have
recently demonstrated that a novel P2X, ; receptor can form
from the coexpression of P2X; and P2X; in human embryonic

ABBREVIATIONS: PPADS, pyridoxal phosphate-6-azophenyl-2’,4'-disulfonic acid; «, B-meADP, «, B-methylene ADP; «, 3-meATP, «, 3-methylene
ATP; ATPyS, adenosine 5'-O-(3-thiotriphosphate); TNP-ATP, 2',3'-0-(2,4,6-trinitrophenyl) ATP; 2-meSATP, 2-methylthio ATP; HEK, human

embryonic kidney.
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kidney (HEK)-293 cells (Torres et al., 1998). Here we provide
a more complete description of the pharmacology and bio-
physics of this novel P2X,,; receptor channel. The data will
be helpful in determining the subunit composition of native
receptors of excitable tissues.

Materials and Methods

DNA Constructs. The wild-type P2X, receptor cDNA was cloned
from a rat heart cDNA library provided by Dr. M. Tamkun (Vander-
bilt University, Nashville, TN). P2X, receptor cDNA was a gift of Dr.
G. Buell (Ares-Serono, Geneva, Switzerland).

Cell Culture and Transfection Protocol. HEK-293, COS-7,
and Chinese hamster embryonic fibroblast cells were maintained in
exponential growth in Dulbecco’s modified Eagle’s medium supple-
mented with 10% heat-inactivated fetal bovine serum, 2 mM glu-
tamine, 50 U/ml penicillin G, and 50 pg/ml streptomycin (Life Tech-
nologies, Inc., Rockville, MD). CHO-K1 cells were maintained in
50:50 Dulbecco’s modified Eagle’s medium/F12 medium (Cellgro,
Herndon, VA) with the same supplements plus nonessential amino
acid solution (Cellgro). All cells were incubated at 37°C in a humid-
ified atmosphere with 5% CO,. On reaching 70 to 80% confluence in
75cm? tissue culture flasks, the cells were trypsinized and then
plated at a density of 3 X 10° cells/35-mm culture dish. The next day
they were washed twice with serum free Opti-MEM (Life Technolo-
gies, Inc.) and transiently transfected with wild-type P2X, and/or
P2X, receptor cDNAs. A mixture of 1 ug total cDNA and 6 ul
Lipofectamine (Life Technologies, Inc.) in 1 ml of Opti-MEM was
added to each plate for 5 h after which the bathing solution was
replaced with the supplemented culture media. The cells were re-
turned to the incubator and used for electrophysiological experi-
ments 36 to 48 h later.

Electrophysiological Recordings. A suspension of transiently
transfected cells were obtained by mechanical dissociation of the
contents of a single 35-mm culture dish using a fire-polished Pasteur
pipette. An aliquot of the cell suspension was transferred to a re-
cording chamber mounted on the stage of an inverted microscope
(Nikon Diaphot 200). The cells were continuously perfused with an
extracellular bath solution containing: 150 mM NaCl, 1 mM CaCl,, 1
mM MgCl,, 10 mM glucose, 10 mM HEPES, pH 7.4 with NaOH, and
whole-cell voltage clamp was performed using an AxoPatch 200A
amplifier (Axon Instruments, Foster City, CA) with low resistance
(1-2 MQ) 7052 borosilicate glass electrodes (Garner Glass, Clar-
emont, CA). The intracellular recording solution consisted of: 150
mM CsCl, 10 mM HEPES, 10 mM EGTA, and 10 mM tetraethylam-
monium-Cl, pH 7.4 with CsOH. Whole cell currents were measured
at room temperature from single cells held at —40 mV. Drugs were
applied by manually moving the electrode and attached cell into the
line of flow of solutions exiting one of a group of inlet tubes feeding
the recording chamber. Complete exchange of solution was obtained
in less than 100 ms (7 ~ 24 ms; T.M.E., unpublished observation).
Unless otherwise stated, agonists were applied for about 2 s, sepa-
rated by 1.5- to 2-min intervals; the exception was the P2X, receptor,
where 3-min intervals were required to ensure recovery from desen-
sitization. Antagonists were applied after a stable control ATP-
evoked current amplitude was measured. Continuous application of
antagonist began 1 min before the start of the test dose of agonist.
Current-voltage relationships were determined for peak, plateau,
and tail currents by measuring the response to 1 uM ATP in cells
expressing P2X,,; and voltage-clamped at a range of potentials
(=100 to +60 mV). Averaged data were fit with a third order poly-
nomial to estimate the reversal potential. Liquid junction potentials
were estimated to be 4.9 mV using Patcher’s Power Tools (Dr. F.
Mendez, Géttingen, Germany); no offset correction was used in the
present study.

Drugs. Pyridoxal phosphate-6-azophenyl-2',4'-disulfonic acid
(PPADS) was purchased from Research Biochemicals, Inc. (Natick,
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MA), suramin was obtained from the Centers for Disease Control
(Atlanta, GA), and 2',3'-0-(2, 4, 6-trinitrophenyl) ATP (TNP-ATP)
was purchased from Molecular Probes (Eugene, OR). All other drugs
were purchased from Sigma (St. Louis, MO).

Data Analysis. Agonist concentration-response curves were gen-
erated by measuring peak currents evoked by a range of agonist
concentrations. Currents from a single cell were normalized to those
evoked by a test dose of 100 uM ATP in the same cell. The appro-
priate data from all cells were pooled and then fit using a Levenburg-
Marquardt least-squares algorithm (IgorPro; Wavemetrics, Lake Os-
wego, OR) to the following equation:

I=T1,.(1-1/(1+ ((agonist] /ECs,)")) (1)

where I, is the maximum current at saturating concentrations of
agonist, EC;, is the agonist concentration at which the response is
half-maximal, and ny is the Hill coefficient. Concentration-inhibition
curves for antagonists were determined in a similar manner. The
ability of a range of antagonist concentrations to inhibit peak cur-
rents evoked by 3 uM ATP was measured, the data were pooled, and
the IC;, was determined from the best fit to

I=1,,(1/(1 + ((antagonist]/IC;y)™)) (2)

where I, is the normalized response to ATP in the absence of
antagonist and ICj, is the antagonist concentration at which a 50%
inhibition is apparent. Estimates of EC;, and IC;, are reported as
mean * S.D. as determined from the curve fits of the pooled data. All
other data are mean * S.E. Significance was determined using
Student’s ¢ test.

Results

Homomeric P2X,; and P2X; receptors differ in the size and
shape of their ATP-gated currents and in their rank order of
agonist and antagonist potencies. Cotransfection of HEK-293
cells with the cDNAs encoding the P2X; and P2X; isoforms
results in expression of a heteromultimeric P2X,,, channel
with a novel phenotype (Torres et al., 1998). We find that the
phenotype of this heteromeric receptor incorporates features
of both individual isoforms. Furthermore, the P2X, ; receptor
has unique qualities that are not present in either homo-
meric P2X; or P2X receptors.

The Effect of ATP. Figure 1A shows representative cur-
rents evoked by 30 uM ATP in HEK-293 cells expressing
P2X,, P2X;, and P2X,, receptors. ATP-gated current
through the P2X; receptor differs from current through the
P2X; receptor in two ways: current through P2X, is larger
and is quicker to desensitize. By contrast, current through
the heteromeric P2X, ; receptor is biphasic and has a fast
inward current that quickly diminishes to a sustained pla-
teau. That the biphasic current is not due to the simple
superposition of P2X; and P2X; homo-oligomeric currents is
supported by three findings. First, repeated and closely
spaced applications of ATP produce near complete desensiti-
zation of homomeric P2X; receptors but causes little or no
desensitization of peak current through the P2X, ; receptor
(Torres et al., 1998). Second, the agonist profile of the sus-
tained phase does not match that of the nondesensitizing
P2X; receptor (see below). Third, modest concentrations of
ATP elicits rebound tail currents in cells expressing the
P2X, /s receptor, and this current is never recorded from cells
expressing either P2X; or P2X; receptors alone. A typical
response to an application of 30 uM ATP is shown in Fig. 1A
(right). Current during the drug application was biphasic and
had measurable peak and plateau currents. ATP-gated cur-
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rent began to fade immediately on washout of agonist. This
acute decline of membrane current reflects the rapid rate of
solution exchange that we expect using the drug delivery
system described in Materials and Methods. The initial de-
cline was cut short, however, by the development of an addi-
tional phase of inward current that gradually reached a peak
and then declined to the predrug-application holding current
level. In most cells, the rebound tail current was as large or
larger than the plateau current seen during the application
of ATP. Tail currents were also measured in other mamma-
lian expression systems including CHO-K1 (Fig. 1B), COS-7
(Fig. 1C), and Chinese hamster embryonic fibroblast (data
not shown) cells, and are not unique to HEK-293 cells. The
rebound tail current, however, is unique to the P2X, 5 recep-
tor, and we never recorded a similar current on removal of
ATP or any other agonist from cells expressing any homo-
meric or other known heteromeric P2X receptor (data not
shown). ATP-induced rebound currents have been demon-
strated at high agonist concentrations in PC12 cells express-
ing P2X receptors as a result of acidification of the extracel-
lular solution by addition of millimolar concentrations of ATP
(Stoop and Quayle, 1998). The rebound tail current of P2X, 5
receptors was not caused by acidification, because it was
apparent at much lower concentrations (1-100 uM) of ATP
that did not change the pH of the bathing solution and
because tail current through the P2X, ; receptor is relatively

HEK-293
P2X, P2X;
N e

200 pA
2 sec

2 sec

Fig. 1. Unique ATP-activated currents from cells coexpressing P2X,
and/or P2X; receptor isoforms. Typical responses to 30 uM ATP are
shown in cells voltage-clamped at —40 mV. A, HEK-293 cell transfected
with ¢cDNA encoding homomeric P2X; receptors showed the characteris-
tic rapid desensitizing whole-cell current in response to ATP (left). By
contrast, a different HEK-293 cell transfected with the cDNA encoding
the P2X; receptor gave a small nondesensitizing current in response to
ATP (middle). A third HEK-293 cell transfected with both cDNAs gave a
biphasic current; note the pronounced tail of rebound inward current on
washout of ATP (right). B and C, current phenotype observed from the
hetero-oligomeric receptor in response to ATP was not unique to HEK-
293 cells as similar currents were also observed in CHO-K1 (B) and
COS-7 (C) cells coexpressing the two isoforms. Solid lines above all traces
in this and the following figures indicate the approximate time of agonist
application.

insensitive to changes in pH (W.R.H. and T.M.E., unpub-
lished observation).

Current-voltage curves were generated by measuring 1 uM
ATP-gated currents of individual HEK-293 cells expressing
the P2X, /5 receptor. Individual currents evoked at a range of
voltages (—100 to +60 mV) were measured at three different
times during the ATP response, and the averaged currents at
each potential were plotted against voltage (Fig. 2). The
current-voltage relationships were not different for the peak,
plateau, and rebound tail currents, suggesting that they all
evolve from a common population of channels. Some inward
rectification was seen at positive potentials, and all three
currents had reversal potentials near 5 mV before correction
for liquid junction potentials. Thus, P2X, - receptors resem-
ble other homomeric and heteromeric P2X receptors in being
nonselective cation channels (Bean and Friel, 1993).

The Effects of Other Agonists. Raw currents elicited by
applications of common purinoceptor agonists to cells ex-
pressing P2X,,; are shown in Fig. 3 where each row shows
the response of a single cell to a different agonist applied at
concentrations close to their EC,, EC;,, and ECy5 values. All
agonists evoked monophasic, nondesensitizing currents
when applied at the lowest effective concentrations. At the
highest concentrations, the currents were biphasic and re-
sembled those evoked by 100 uM ATP with two important
differences. First, the ratio of size of the plateau current to
the size of the rapidly developing peak current varied among
agonists. The difference was greatest for ATP and 2-me-
SATP, which evoked large peak currents and relatively small
plateau currents. By contrast, CTP evoked peak currents
that were only slightly larger than the sustained plateaus.

v peak 14

O plateau
A rebound
[ [ T T [ 1
-100 -80 -60 20 40 60

V (mV)

1 uM ATP
—
-
5 2
L -
5 I
it plateau
D
S _
Té -3
8 l—peak
-4 —

Fig. 2. Current-voltage relationships for P2X, . receptor. Current-voltage
relationships were examined by measuring the response to 1 uM ATP of
individual HEK-293 cells expressing P2X, ; receptors and held at mem-
brane potentials ranging from —100 to +60 mV. For each response the
amplitude of the current was measured at three different phases (see
inset). For all three phases, current amplitudes were normalized to those
elicited at —40 mV and the averaged currents = S.E.M. for all cells (n =
3) from a given potential were plotted against voltage. I-V curves for each
measured phases were then generated by fitting the averaged data with
a third order polynomial. Data shown is not corrected for liquid junction
potentials estimated to be about 4.9 mV. Inset, typical current elicited by
1 uM ATP from a cell held at —40 mV. Peak, plateau, and rebound phases
are labeled at points where current amplitudes were measured for gen-
eration of I-V curves.
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Second, applications of some (ATP, 2-meSATP, ADP) but not
all agonists were followed by generation of rebound tail cur-
rents. The size of the tail current was inversely related to the
amplitude of the plateau current in that agonists (ATP,
2-meSATP) that generated small plateaus when applied at
low concentrations also evoked large and long-lasting tail
currents.

Agonist Sensitivity. Agonist potency was determined
from the concentration-response curves of peak currents
shown in Fig. 4; the results are summarized in Table 1. ATP
and 2-meSATP were full and potent agonists with EC, val-
ues of 0.7 = 0.1 and 1.3 = 0.3 uM, respectively. All other
drugs evoked smaller peak currents and were less potent.
The rank order of agonist potency measured from EC;, val-
ues for each drug was ATP = 2-meSATP > adenosine 5'-O-
(3-thiotriphosphate) (ATPyS) > o,8-methylene ATP («,B-
meATP) > ADP > CTP. q,B-methylene ADP («,8-meADP);
UTP; GTP; and AMP were poor agonists that evoked less
than 5% of the maximal ATP current even when applied at
the highest (100 uM) concentration. Most agonists (ATPyS;
a,B-meATP; ADP; and CTP) evoked smaller peak currents
than did ATP, suggesting that these drugs may be partial
agonists. If so, then one would predict that concentration-
response curves of these partial agonists would have lower
slopes than those of the full agonist like ATP. However, we
measured no significant differences in the Hill coefficients of
these drugs and ATP, and other factors may explain the
apparent change in efficacy. One possibility is that some

ATP
0.1 1 100
2meSATP
0.1 1 100
—_C___-?—__- — —
_V-J/_l—__ —\[/
ADP
3 10 300
—_—— Y ’ —F?
o,B-meATP
1 10 100
ATPYS
1 10 100
CTP
3 30 300

Fig. 3. Raw currents elicited by select P2X receptor agonists on P2X, .
receptors. Whole-cell currents recorded from HEK-293 cells held at —40
mV and expressing the hetero-oligomeric P2X receptor composed of P2X,
and P2X; subunits. Each family of three traces was recorded from an
individual cell and represents typical responses to three different concen-
trations of the agonist listed. Calibration: 500 pA, 2 s.
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agonists cause a rapid receptor desensitization that distorts
the shape of their concentration-response curves. The most
likely candidates are ATP and 2-meSATP, which apparently
cause the greatest degree of rapid desensitization, and these
agonists may be even more potent than our estimates re-
ported here. A similar change in efficacy without a change in
slope is also apparent in agonist concentration-response
curves of the P2X; receptor (Valera et al., 1994).
Antagonist Sensitivity. Determination of the subunit
composition of native P2X receptors is hampered by a lack of
selective purinergic antagonists (Ralevic and Burnstock,
1998). However, a number of agents have been used to dis-
criminate between the P2X and P2Y receptor families, and
some newer drugs have shown limited selectivity for the
different P2X isoforms. We tested three antagonists against
ATP-evoked currents of the recombinant P2X, . receptor.
Two of these, suramin and PPADS, have been widely tested
against purinergic responses of native tissues. The third,
TNP-ATP, is a more selective antagonist of P2X; and P2X,
receptors than of any other isoform (Virginio et al., 1998b).
We measured the ability of increasing concentrations of each
antagonist to block the currents evoked by applications of 3
uM ATP. Figure 5 shows raw data for each antagonist. The
first trace in each family of currents represents the baseline
ATP current before application of antagonist; as expected,
ATP-generated inward current had the three distinct phases
(rapid peak, sustained plateau, and rebound tail current)
described above. The middle traces show the effect of differ-
ent concentrations of antagonist, and the last trace shows the
effect of the first postantagonist application of ATP. For
suramin and TNP-ATP, a progressively larger block of ATP-
gated current was apparent as the antagonist concentration
increased (Fig. 5, top and middle). Peak current was affected
first, although all three current components were antago-
nized. Near complete block of the ATP-induced current was
attained with maximal concentrations of these antagonists
(=100 pM suramin and =30 uM TNP-ATP), and complete
recovery of the response to ATP was seen within minutes of

1.0
°
]
0.8 A
= *
8 v
=
O 06— g
) v
L
i o
g 0.4 - o
5 A
Z.
0.2 -
0.0 - é
0.001 0.01 0.1 1 10 100 1000

Agonist Concentration (uM)

Fig. 4. Concentration-response curves for the actions of P2X receptor
agonists on P2X, . receptor. Peak currents evoked by a range of concen-
trations of each agonist were normalized to that obtained from 100 uM
ATP. Only one other agonist was applied to each individual cell. Each
point represents averaged normalized data + S.E.M. Solid lines are the
best fit to the pooled data as described in Materials and Methods.
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their washout (data not shown). By contrast, the effect of
PPADS was complex and varied with concentration. When
applied in low concentrations (for example, see 0.1 puM
PPADS, Fig. 5, bottom), PPADS had little effect on the peak
ATP-gated current but markedly potentiated the plateau
currents. These potentiations were irreversible (we tested up
to 22 min after washout of PPADS). At higher concentra-
tions, PPADS progressively inhibited all three current com-
ponents until a near complete block of the ATP-response was
achieved. The inhibition by PPADS reversed when the an-
tagonist was removed. The molecular mechanism of the po-
tentiation by PPADS is unknown. One possibility, however,
is that some (ATP, 2-meSATP, ADP), but not all, agonists (for
example, a,3-meATP) produce a pronounced receptor desen-
sitization that can be modulated by PPADS; this hypothesis
is supported by the data in Fig. 6. In this experiment, the
ability of two concentrations of PPADS to alter currents
evoked by a,8-meATP and ATP were measured in a single
HEK-293 cell expressing P2X,, receptors. As expected,
a,B-meATP evoked large peak and plateau currents, whereas

TABLE 1
Summary of agonist properties

the plateau current evoked by ATP was smaller. If the
smaller plateau current measured in ATP reflects an agonist-
specific receptor desensitization sensitive to PPADS, then a
low concentration of this antagonist would be expected to
alter the shape of the ATP-gated current so that it more
closely resembles that caused by «,8-meATP. This is exactly
what happens. The shapes of the currents evoked by both
ATP and «,B-meATP were similar when applied in the pres-
ence of 0.1 uM PPADS, a concentration of antagonist that
caused only a small effect on the peak current amplitudes.
The data also suggest that a separate population of lower-
affinity PPADS binding sites is responsible for inhibition of
both «,8-meATP and ATP currents, as higher concentrations
of PPADS inhibited peak currents caused by either antago-
nist to an equal degree (see Fig. 6).

Antagonist I1C;, values were determined from the inhibi-
tion of peak currents. Concentration-response curves are
shown in Fig. 7, and the data are summarized in Table 2.
TNP-ATP is a potent antagonist of homomeric P2X; recep-
tors with an IC;, of 1 to 3 nM when tested against ATP

EC5, was determined from a three-parameter (ECy, I, D) curve fit to pooled data as described in Materials and Methods; estimates are expressed as mean + S.D. EPMR,
equipotent molar ratio and equals (ECjy, test agonist)/(EC5y, ATP). N, number of cells contributing to the pooled data for each agonist.

Agonist ECso I ax ng EPMR N
M
ATP 0.7*x0.1 1.0 0.7 1 9
2meSATP 1.3 +0.3 1.0 1.3 1.9 9
ATP~S 20=*05 0.6 1.1 29 6
a,B-meATP 3.1+0.6 0.6 0.8 4.4 6
ADP 13 +3.3 0.8 0.9 18.6 10
CTP 18.6 = 3.7 0.3 1.5 26.5 10
Suramin 0.1 uM 1 uM 10 uM
w———— - - ——F— __'V—' -
Fig. 5. Effects of P2X antagonists on raw current
elicited by ATP through P2X, ; receptors. Whole-cell
TNP-ATP 1 K M 10 g M currents recorded from HEK-293 cells expressing
- e —_— —_ P2X, 5 receptors. Each family of five traces was re-
\awa” corded from an individual cell voltage-clamped at
—40 mV and demonstrates the inhibitory effects of
increasing concentrations of the listed antagonist on
responses to 3 uM ATP. The first and last trace in
each family represents the control ATP response and
first ATP response after washout of the antagonist,
respectively. Open horizontal bars denote currents
recorded in the presence of the given antagonist. All
antagonists were applied 1 min before, as well as
during, ATP application. Calibration: 400 pA, 5 s.
PPADS 0.1 uM
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applied at concentrations close to its EC5, (Virginio et al.,
1998b; W.R.H. and T.M.E., unpublished observation). We
found that this drug was far less potent in inhibiting peak
current through P2X,,. receptor, where it had an ICj, of
0.36 = 0.13 uM. Homomeric P2X; and P2X; receptors do not
differ dramatically in their sensitivity to PPADS and
suramin. Not surprising then is the finding that the sensi-
tivity of the heteromeric P2X,  receptor to PPADS (ICj,
equals 0.63 = 0.05 uM) and suramin (IC5, equals 1.6 * 0.7
uM) resembled those of the homomeric receptors.

The Effect of Extracellular Calcium. ATP-gated cur-
rent through the P2X, receptor is relatively insensitive to
changes in extracellular [Ca®*] (Evans et al., 1996; Virginio
et al., 1998a; Fig. 8, top). The sensitivities of P2X, and P2X, 5
receptors are unknown. We measured the ability of increas-
ing concentrations of [Ca®*], to alter ATP-gated current in
cells expressing either P2X,, P2X;, or P2X, 5 receptors. Cur-
rent evoked by 15 uM ATP through P2X; receptors was
strongly inhibited by raising [Ca®"], with an apparent IC, of
6.7 = 1.9 mM (Fig. 8, middle). By contrast, peak currents
through P2X,,. receptors were unaffected by changes in
[Ca®*], (Fig. 8, bottom). However, increasing [Ca®*], poten-
tiated plateau currents evoked by 3 uM ATP, perhaps by the
same mechanism that underlies the potentiation of this
phase of current by PPADS. No enhancement was seen when
Ba®" was substituted for extracellular Ca®*, and chelating
[Ca®*]; by addition of 20 mM BAPTA to the pipette solution
had no effect on the magnitude of the rebound current (data
not shown). These results suggest that the effect of Ca®* does
not involve an intracellular pathway, but may involve a
Ca?"-specific effect on a part of the channel protein accessi-
ble from the bath solution. A summary of the effects of
[Ca®*], on currents through P2X,, P2X,, and P2X, ; is pre-
sented in Fig. 9.

Discussion

The unique properties of some native ATP-induced cur-
rents might result from formation of novel P2X receptors by
hetero-oligomeric assembly of different receptor isoforms.
Evidence is now mounting to support this hypothesis. Mul-
tiple P2X receptor isoforms are expressed in many of the
same tissues (Ralevic and Burnstock, 1998). Furthermore,
most P2X receptor isoforms (the exception is P2X,) can form
hetero-oligomeric assemblies (Torres et al., 1999). Finally,
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novel receptors formed by heteropolymerization of P2X, and
P2X, (Lewis et al., 1995), P2X, and P2X, (Torres et al., 1998),
and P2X, and P2X; (Le et al., 1998) have been shown to
functionally assemble in heterologous cell systems. A more
complete survey of ATP-gated currents of native tissues
therefore critically depends on a complete functional charac-
terization of the possible combinations of heteromultimeric
assemblies. We present here an extensive characterization of
the novel P2X, ,; receptor expressed in HEK-293 cells. Re-
sults from in situ hybridization, PCR/cloning analysis, and
immunocytochemistry experiments have implicated the co-
existence of P2X; and P2X; receptors in heart (Bogdanov et
al., 1998) and spinal cord tissue (Collo et al., 1996), and our
results provide a basis for subsequent investigation of the
effects of extracellular ATP in those tissues.

The pharmacological profile of the P2X, . receptor is dif-
ferent from that of either the P2X; and P2X, homo-oligomeric
receptors and borrows unique traits from each isoform. The
agonist potency ranked by EC;, was ATP = 2-meSATP >
ATPyS > «,8-meATP > ADP > CTP. Thus, like the P2X;
receptor, ATP is slightly more potent than 2 meSATP at the
P2X, ;s receptors. However, unlike the P2X, receptor (but like
P2X, receptors), the P2X, ; receptor is appreciably sensitive
to a,B-meATP. Indeed, the ability of «,8-meATP to activate
biphasic currents with large plateaus is probably the most
distinguishing characteristic of the P2X, ; phenotype. P2X, 5
receptors also show large sustained currents in response to
the pyrimidine nucleotide, CTP, a property not shared by the
P2X; receptor (Garcia-Guzman et al., 1996). P2X, 5 receptors
are as sensitive to the antagonists suramin and PPADS as
are P2X, and P2X; receptors, but they are markedly less
sensitive to TNP-ATP than the P2X; receptor. Furthermore,
the novel heteromultimeric receptor resembles the P2X, re-
ceptor in the inability of a rise in extracellular calcium to
block peak ATP-gated current.

The dual effects (e.g., potentiation and block) of PPADS on
the shape of ATP-gated currents are unique to P2X, ; recep-
tors. One explanation is that cotransfection of HEK-293 cells
with cDNAs encoding the P2X,; and P2X; isoforms leads to at
least two separate populations of heteromultimeric receptors
that differ in their response to PPADS. If so, then the agonist
and antagonist profiles of these two populations must be very
similar because all of the concentration-response curves were
well fit using models that assume either a homogenous re-

PPADS
0.1 0.1 1 1
o,3-meATP ATP o,-meATP ATP o,p-meATP ATP
- - e [ m.___ Fig. 6. Effects of PPADS on raw P2X, ; currents

-

v

elicited by ATP and «,3-meATP. Whole-cell cur-
rents recorded from HEK-293 cells expressing
P2X,,; receptors. All currents were recorded
from a single cell voltage clamped at —40 mV
and represent the effects of two different doses of
PPADS on both 10 uM «,-meATP- and 1 uM
ATP-evoked currents. Open horizontal bars de-
note currents recorded in the presence of
PPADS. Calibration: 200 pA, 5 s.

200 pA
5 sec
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ceptor population or multiple populations with identical pa-
rameters. Another possibility is that PPADS (and [Ca®"],)
affect receptor desensitization in an agonist-specific manner.
Thus, full agonists like ATP and 2-meSATP cause a rapid
decline in current as the receptor desensitizes, whereas par-
tial agonists like «,8-meATP cause less desensitization and
have larger plateaus. ADP is an exception to this rule; it is
not a full agonist but it does have a pronounced rebound tail
current when applied in high (300 uM) concentrations. This
prominent tail current may result from contamination of
ADP with ATP. Regardless, if the rate of desensitization is
lengthened by application by PPADS, then we would expect
this drug to have its greatest effect on those responses that
show the greatest desensitization; this is exactly the case.
Application of 0.1 uM PPADS greatly increases the size of the
plateau current evoked by ATP, changing the shape of the
response so that it closely resembles the current evoked by
a,B-meATP. This model assumes that there are at least two
populations of PPADS binding sites: a high-affinity site that
results in change in receptor desensitization and a lower-
affinity site that results in noncompetitive inhibition of cur-
rent. This is because higher concentrations of PPADS inhib-
ited all current components equally well. The presence of
multiple populations of PPADS binding sites is also sup-
ported by the Hill slope of this antagonist’s concentration-

08 ® Suramin
s m TNP-ATP
g A PPADS
5
o 0.6
Q
N
E
5 04
Z

0.2

0.0

| T IIIIIIII T IIIIIII] T llllllll T IIIIIII‘ |'|—rrrm]'——r—r—n'rm']
0.001 0.01 0.1 1 10 100 1000

Antagonist Concentration (uM)

Fig. 7. Concentration-inhibition curves for P2X receptor antagonists on
P2X, s receptors. The curves were generated by measuring peak currents
evoked by 3 uM ATP in the presence of varying concentrations of each
antagonist in single cells. Only one antagonist was applied to each indi-
vidual cell. The currents were normalized to those evoked by 3 uM ATP
in the same cell. Each point represents averaged normalized data =
S.E.M. Solid lines are the best fit to the pooled data as described in
Materials and Methods.

TABLE 2
Summary of antagonist properties

IC5, was determined from a three-parameter (ICs, I,,,,, ny) curve fit to pooled data
as described in Materials and Methods; estimates are expressed as mean *= S.D. N,
number of cells contributing to the pooled data for each agonist.

Antagonist IC50 (M) nyg N
PPADS 0.63 = 0.05 15 8
Suramin 1.6 = 0.7 0.6 8
TNP-ATP 0.36 = 0.13 0.6 8

response curves (Fig. 7 and Table 2). Furthermore, raising
[Ca®*], would have an effect like PPADS if the rate of desen-
sitization can also be modulated by Ca®*. Indeed, the time
course of desensitization of homomeric P2X; receptors is
modulated by changes in [Ca®"], (Cook and McCleskey,

P2X,

10mM Ca™ 30mM Ca**

1T

P2X,

10mM Ca** 30mM Ca**

A

P2X,/5

10mM Ca** 30mM Ca**

50 pA

5 sec

Fig. 8. Sensitivity of P2X, ; receptors to changes in extracellular calcium
concentration. The effects of increasing concentrations of extracellular
calcium on ATP-activated currents recorded from cells expressing P2X,
and/or P2X; receptors were investigated. Typical responses are shown.
Changing the extracellular calcium concentration from 1 to 10 or 30 uM
had no effect on the amplitude of the current elicited by 3 uM ATP in cells
expressing only P2X; receptors (top). However, a change in the extracel-
lular calcium concentration from 1 to 10 uM greatly inhibited currents
evoked by 15 uM ATP in a cell expressing P2X; receptors alone; further
increasing the extracellular calcium to 30 mM completely and reversibly
abolished the ATP-activated current (middle). In a cell expressing the
hetero-oligomeric P2X, - receptor, increasing calcium concentrations had
no effect on peak current amplitude elicited by 3 uM ATP, although a
reversible dose-dependent increase in the plateau phase was observed
(bottom). Current through P2X,; receptor was filtered at 300 Hz; other
traces were filtered at 5 KHz.

*
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Fig. 9. Pooled data from experiments described in Fig. 8. Data are
mean *+ S.E. Data significantly different (»p < .01) from control currents
recorded in 1 mM [Ca®*], are marked with asterisks.
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1997), and a similar mechanism may be present in P2X,
receptors. It will be interesting to see if site-directed mu-
tagenesis identifies common or different sites underlying the
similar effects of Ca®", and PPADS on desensitization.

The agonist-dependent change in receptor desensitization
may also explain the genesis of the rebound tail current. Full
agonists that have pronounced desensitization also have the
largest rebound tail currents. If recovery from desensitiza-
tion can only occur from the open state, then a channel would
need to cycle from the desensitized, to the open, to the closed
state on removing agonist; rebound current could occur if the
cycle is slow. Of course, other explanations are also possible.
For example, the tail current may result from relief of open
channel block perhaps by ATP itself. However, the size of the
tail current is an approximately linear function of voltage,
and this lack of voltage dependence argues against such a
mechanism. Additional experiments are needed to more fully
understand the mechanisms that underlie generation of this
current component.

Several native fast-acting ATP responses have been re-
corded although the subtype of P2X receptor mediating these
responses is still unknown. In pyramidal neurons of the CA1
area of the rat hippocampus, both excitatory postsynaptic
currents from hippocampal slices and ATP-activated whole
cell currents sensitive to PPADS have been identified (Pan-
kratov et al., 1998). ATP and similar analogs also elicit fast
rising inward currents attributable to activation of P2X re-
ceptors in trigeminal mesencephalic nucleus neurons of the
rat (Khakh et al., 1997). Finally, P2X purinoceptors were
shown to mediate excitatory effects in rat locus ceruleus
neurons (Sansum et al., 1998). The specific P2X receptor
isoform(s) which mediate these different purinergic re-
sponses have yet to be conclusively identified, and it is pos-
sible that a hetero-oligomeric P2X receptor might account for
the different responses. mRNAs encoding the P2X, and P2X,
isoforms are both found in large neurons of the ventral horn
of the rat spinal cord (Collo et al., 1996), raising the possibil-
ity that native heteromeric P2X, 5 receptors may exist. Here,
we have presented data further characterizing the pharma-
cological profile of the novel recombinant P2X,,, ionotropic
receptor. These data should provide the foundation for func-
tional identification of purinergic responses of native sys-
tems.
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