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He, Mu-Lan, Hana Zemkova, Taka-aki Koshimizu,
Melanija Tomié, and Stanko S. Stojilkovic. Intracellular
Ca%" measurements as a method in studies on activity of
purinergic P2X receptor channels. Am J Physiol Cell Physiol
285: C467-C479, 2003. First published April 23, 2003;
10.1152/ajpcell.00042.2003.—Extracellular nucleotide-acti-
vated purinergic receptors (P2XRs) are a family of cation-
permeable channels that conduct small cations, including
Ca?*, leading to the depolarization of cells and subsequent
stimulation of voltage-gated Ca?* influx in excitable cells.
Here, we studied the spatiotemporal characteristics of intra-
cellular Ca?* signaling and its dependence on current sig-
naling in excitable mouse immortalized gonadotropin-releas-
ing hormone-secreting cells (GT1) and nonexcitable human
embryonic kidney cells (HEK-293) cells expressing wild-type
and chimeric P2XRs. In both cell types, P2XR generated
depolarizing currents during the sustained ATP stimulation,
which desensitized in order (from rapidly desensitizing to
nondesensitizing): P2X3R > P2X5, + X4R > P2X5,R >
P2Xs5, + X4R > P2X4R > P2Xs,R > P2X;R. HEK-293 cells
were not suitable for studies on P2XR-mediated Ca®" influx
because of the coactivation of endogenously expressed CaZ™-
mobilizing purinergic P2Y receptors. However, when ex-
pressed in GT1 cells, all wild-type and chimeric P2XRs re-
sponded to agonist binding with global Ca2* signals, which
desensitized in the same order as current signals but in a
significantly slower manner. The global distribution of Ca®*
signals was present independently of the rate of current
desensitization. The temporal characteristics of Ca®* signals
were not affected by voltage-gated Ca2* influx and removal of
extracellular sodium. Ca?" signals reflected well the recep-
tor-specific ECso values for ATP and the extracellular ZnZ*
and pH sensitivities of P2XRs. These results indicate that
intracellular Ca®" measurements are useful for characteriz-
ing the pharmacological properties and messenger functions
of P2XRs, as well as the kinetics of channel activity, when the
host cells do not express other members of purinergic recep-
tors.

ATP-gated receptor channels; inward currents; intracellular
calcium signals; desensitization-inactivation; voltage-gated
calcium influx; localized and global calcium signals

ATP-GATED PURINERGIC RECEPTOR CHANNELS (P2XRs) are
expressed in many nonexcitable and excitable cells,
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including neurons, neuroendocrine and endocrine cells,
epithelia, endothelia, bone, muscle, and hemopoietic
tissues (28). These receptor channels participate in the
control of numerous cellular functions, such as neuro-
transmission, hormone secretion, transcriptional regu-
lation, and protein synthesis (30). The major physio-
logical mechanism by which activated P2XRs control
cellular functions is elevation in intracellular Ca2*
concentration ([Ca2'];). The pores of all P2XRs are
permeable to small monovalent and divalent cations,
including significant permeability to Ca?* (12, 13, 35,
39, 42). In nonexcitable cells, Ca?* influx through the
pores of channels is the most important, if not exclu-
sive, pathway for Ca?* signaling. In excitable cells,
activated receptors also promote voltage-gated Ca?"
influx due to ion influx-induced depolarization of cell
membrane (24).

Although [Ca®?"]; measurements are sensitive
enough to record the activity of native and recombinant
P2XR in single nonexcitable and excitable cells (22, 32,
38,43, 47), the majority of studies with P2XRs are done
using current measurements (28, 30). Patch-clamp
techniques provide powerful tools in evaluating the
status of P2XR pores and thus are extremely useful in
biophysical characterization of these receptors. With
respect to physiology and pharmacology of P2XR, Ca?™*
rather than current measurements have potential to
provide valuable information. [Ca®*]; measurements
were also occasionally used in evaluating the kinetics
of receptor activity (2, 16, 20, 22, 24). The main advan-
tage in using single-cell [Ca%"]; imaging in such studies
is that measurements can be done simultaneously in
tens of cells, enabling reliable statistical analysis,
whereas current measurements are done in one cell per
experiment, and slow recovery of receptors from desen-
sitization makes repeated measurements in the same
cell difficult. Single-cell [Ca®"]; imaging provides the
same advantages in studies on pharmacological pro-
files of P2XRs and testing new compounds. Because
Ca?" signaling by P2XRs is incompletely character-
ized, however, [Ca2"]; measurements could be viewed
as an inadequate method for studies on physiology,
pharmacology, and kinetics of P2XR activity.
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Here, we studied the spatiotemporal aspects of ATP-
induced Ca?™" signals in P2XR-expressing cells and the
dependence of the pattern of Ca®* signaling on the
kinetics of channel activity. Experiments were done
with several wild-type and chimeric P2XRs in homo-
meric configuration. The selection of P2XRs was based
on the kinetics of their desensitization during the sus-
tained ATP stimulation, from rapidly desensitizing
P2X3R to nondesensitizing P2X;R. These include the
recently constructed P2Xs,R + X4R and P2Xg;, + X4R
chimeras, having the Val®-Tyr3'® ectodomain se-
quence of P2X4R in the backbones of P2X,,R and
P2Xo,R and differing from parental receptors with
respect to rates of signal desensitization (17). To ex-
press P2XRs, we selected two cell types: nonexcitable
human embryonic kidney cells (hereafter HEK-293
cells) and excitable mouse immortalized gonadotropin-
releasing hormone-secreting cells (hereafter GT1
cells). Because the majority of previous studies with
recombinant P2XR currents were done in HEK-293
cells (4, 14, 26, 27, 36, 46), we used these cells for
current measurements to provide a valid comparison
with the literature.

Initially, we characterized the extent to which the
P2XR current properties differ in the two selected cell
types. In further studies, we focused on the spatio-
temporal characteristics of Ca®" signaling by P2XRs
expressed in GT1 cells, because the coactivation of
endogenously expressed G protein-coupled P2YRs in
HEK-293 cells (31) interferes with measurements of
P2XR-mediated Ca?* influx. We also compared the
peak current and [CaZ?*]; responses (commonly used for
calculating the EC50 and ICs¢ values) and the rates of
signal desensitization during prolonged ATP stimula-
tion. In the final stage, we analyzed the usefulness of
Ca?" measurements as a method in studies on phar-
macological properties of P2XRs. The results indicate
that single-cell Ca®* measurements not only provide a
valuable method for characterizing the spatiotemporal
aspects of Ca?" signaling by P2XRs, but the relation-
ship between current and Ca2?* and the sensitivity of
Ca?" signals to changes in extracellular pH and Zn?"
concentrations proves them to be useful in studies on
channel activity.

MATERIALS AND METHODS

DNA constructs, cell culture, and transfection. The coding
sequences of the rat P2Xs., P2Xo;,, P2X3, P2X,, and P2X;
subunits, isolated by RT-PCR from pituitary, were subcloned
into the biscistronic enhanced fluorescent protein expression
vector, pIRES2-EGFP (Clontech, Palo Alto, CA), as described
previously (19). P2X,, + X4R and P2Xy, + X4R chimeras
were directly constructed by overlap extension PCR by using
the corresponding wild-type P2XR ¢cDNA as templates. Mu-
tagenesis primers were pairs of chimeric sense and anti-
sense that were 36-mer long, with the joint sites positioned in
the center, i.e., 18 nucleotides of P2Xy or P2X, to each side, as
described in He et al. (17). The constructed chimeric subunits
contain the Val®6-Tyr3!® extracellular domain of P2X,R in-
stead of the native sequence Ile®6-Tyr31° of P2XsR. These
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chimeric P2XRs were also subcloned into GFP-expression
vector pIRES2-EGFP. The identity of all constructs was
verified by dye terminator cycle sequencing (Perkin Elmer,
Foster City, CA), performed by the Laboratory of Molecular
Technology (NCI, Frederick, MD). The large-scale plasmid
DNAs for transfection were prepared using a QIAGEN Plas-
mid Maxi kit (Qiagen, Germany).

GT1 cells and HEK-293 cells were used to examine the
patterns of desensitization in P2XRs as previously described
(19). GT1 cells were routinely maintained in Dulbecco’s mod-
ified Eagle’s medium/Ham’s F-12 medium (1:1), containing
10% (vol/vol) fetal bovine serum and 100 pg/ml gentamicin
(Invitrogen, Carlsbad, CA) in a water-saturated atmosphere
of 5% CO2-95% air at 37°C. HEK-293 cells were cultured in
MEM supplemented with 10% horse serum and 100 pg/ml
gentamicin. Before the day of transfection, cells were plated
on 25-mm poly-L-lysine (0.01% wt/vol; Sigma, St. Louis, MO)-
coated coverslips at a density of 0.75—1 X 105 cells per 35-mm
dish. For each dish of cells, transient transfection of expres-
sion constructs was conducted using 1 pg of DNA and 7 pl of
Lipofectamine 2000 Reagent (Invitrogen) in 3 ml of serum-
free Opti-MEM. After 6 h of incubation, transfection mixture
was replaced with normal culture medium. Cells were sub-
jected to experiments 24—48 h after transfection.

Ca?* measurements. Transfected GT1 cells were preloaded
with 1 pM fura 2 acetoxymethyl ester (fura 2-AM; Molecular
Probe, Eugene, OR) for 60 min at room temperature in
modified Krebs Ringer buffer [(in mM) 120 NaCl, 5 KCI, 1.2
CaCls, 0.7 MgSO4, 15 N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid (HEPES), and 1.8 g/l glucose (pH 7.4)]. After
dye loading, cells were washed in the same medium and kept
in the dark for at least 30 min before single-cell [Ca2*];
measurements. Coverslips with cells were mounted on the
stage of an Axiovert 135 microscope (Carl Zeiss, Oberkochen,
Germany) attached to the Attofluor digital fluorescence mi-
croscopy system (Atto Instruments, Rockville, MD). All cells
were stimulated with 100 wM ATP, and the dynamic changes
of [Ca?"]; were examined under a x40 oil immersion objec-
tive during exposure to alternating 340- and 380-nm light
beams, and the intensity of light emission at 520 nm was
measured. The ratio of light intensities, F340/F3s0, which
reflects changes in [Ca2*];, was simultaneously followed in
15-50 single cells at a rate of ~1 point/s. Spatial resolution
was estimated to be ~1 pm. All experiments were done at
room temperature.

Current measurements. Electrophysiological experiments
were performed on GT1 and HEK-293 cells at room temper-
ature using whole cell patch-clamp recording techniques (15).
ATP-induced currents were recorded using an Axopatch
200B patch-clamp amplifier (Axon Instruments, Union City,
CA) and filtered at 2 kHz using a low-pass Bessel filter. Forty
to seventy percent series resistance compensation was used.
Patch electrodes, fabricated from borosilicate glass (type
1B150F-3; World Precision Instruments, Sarasota, FL) using
a Flaming Brown horizontal puller (P-87; Sutter Instru-
ments, Novato, CA), were heat polished to a final tip resis-
tance of 3—-5 M. All current records were captured and
stored using the pCLAMP 8 software packages in conjunction
with the Digidata 1322A analog-to-digital converter (Axon
Instruments). Patch electrodes were filled with a solution
containing (in mM) 140 KCl, 0.5 CaCls, 1 MgCls, 5 EGTA,
and 10 HEPES, pH adjusted with 1 M KOH to 7.2. The
osmolarity of the internal solutions was 282—287 mosM. The
bath solution contained (in mM) 142 NaCl, 3 KCl, 1 MgCls, 2
CaCls, 10 glucose, and 10 HEPES, pH adjusted to 7.4 with 1
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Fig. 1. The receptor-specific pattern of ATP-induced current signals
in HEK-293 cells expressing extracellular nucleotide-activated puri-
nergic receptors (P2XRs). Experimental records are representative of
at least 5 traces per receptor type. Means + SE for peak current
responses are shown in Table 1. In this and following figures, hori-
zontal bars indicate the exposure time to 100 pM ATP and the
current traces shown are from cells clamped at —60 mV.

M NaOH. The osmolarity of this solution was 285-295
mosM. A 3 M KCl-agar bridge was placed between the bath-
ing solution and the reference electrode. ATP was applied for
60 s using a fast gravity-driven microperfusion system
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(BPS-8; ALA Scientific Instruments). The application tip was
routinely positioned ~500 pm above the recorded cell. Less
than 600 ms was required for complete exchange of solutions
around the patched cells, as estimated from altered potas-
sium current (10-90% rise time). All experiments were done
at room temperature.

Calculations. The time course of the [Ca%*]; and current
evoked by sustained ATP stimulation were fitted to a single
exponential function (ae™** + b) using GraphPad Prism
(GraphPad Software, San Diego, CA) and pCLAMP 8, respec-
tively, to generate the half-time for signal desensitization
(t = In2/k). Linear and log-linear regression analyses were
used to correlate variables, and the strength of correlation
was expressed as Pearson’s R coefficient (KaleidaGraph,
Reading, PA). Significant differences, with P < 0.05, were
determined by one-way ANOVA with Newman-Keuls multi-
ple-comparison test. Each experiment was repeated five or
more times to ensure the reproducibility of the findings.

RESULTS

Receptor- and cell type-specific responses. ATP-in-
duced currents were measured using whole cell patch-
recording mode in HEK-293 and GT1 cells expressing
homomeric P2XRs. In both cell types, activation of all
channel subtypes by ATP evoked depolarizing inward
currents. The pattern of current response during the
sustained ATP stimulation was specific for the ex-
pressed receptor subtype and was not affected by
changing the host cells. Figure 1 illustrates typical
patterns of current responses by seven receptors ex-
pressed in HEK-293 cells. Current desensitized rapidly
in P2X3R- and P2Xs, + X,R-expressing cells, with
moderate rates in P2Xo,R-, P2X5,+X4R-, and P2X,R-
expressing cells, slowly in P2X,,R-expressing cells,
and did not desensitize in P2X7R-expressing cells.
ATP-induced currents by P2XR expressed in GT1 cells
desensitized in the same order as in HEK-293 cells.
The rates of their desensitization were also comparable
in two cell types. Figure 2 shows the pattern of current
responses in HEK-293 (B) and GT1 (A) cells expressing
P2X,.R and P2X5,R, and mean values for half times of
current desensitization are shown.

In further studies, we compared the potential use-
fulness of two cell types for analyzing the P2XR activ-
ity by single-cell Ca?" measurements. Native HEK-293
cells do not express voltage-gated Ca%* channels, as
indicated by inability of high-potassium-induced depo-
larization of cells to elevate [Ca®"]; (Fig. 3A, left upper
trace), whereas depolarization of GT1 cells increased
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~_. Fig. 2. Comparison of the pattern of current signals in
Jo £  HEK-293 (B) and GT1 (A) cells expressing P2X2.R
(lower traces) and P2XsuR (upper traces) in response to
_ 80 100 pM ATP. Peak amplitudes of current responses
& were normalized. Bars indicate means + SE for half-
% time (1) values, which were calculated as stated in
2 MATERIALS AND METHODS.
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Fig. 3. Characterization of native HEK-293 and GT1 cells for Ca?*
measurements. A: the lack of effects of high-potassium-induced de-
polarization of HEK-293 cells on intracellular calcium concentration
([Ca2?*];) (left), and extracellular Ca?*-dependence of high-potassi-
um-induced rise in [Ca?*]; in GT1 cells (right). B: 100 pM ATP-
induced rise in [Ca?']; in native HEK-293 cells in Ca?"-containing
(upper trace) and Ca?*-deficient medium (bottom trace) (left), and the
lack of effects of 100 pM ATP on [Ca?*]; in GT1 cells (right). In this
and the following experiments, cells were loaded with fura 2, and
recordings were done in Krebs-Ringer buffer with 1.2 mM Ca2*.
Experimental data are shown by circles and are mean values from at
least 15 records in representative experiments.

the [CaZ"]; (Fig. 8A, right upper trace). The response
was abolished by removal of extracellular Ca?* (Fig.
3A, right bottom trace). On the other hand, ATP in-
duced a rapid and transient increase in [Ca?™]; in
HEK-293 cells, but not in GT1 cells, bathed in Ca?"-
containing (Fig. 3B, left upper trace) and Ca?"-deficient
(left bottom trace) medium. These results confirm that
native HEK-293 cells express Ca%"-mobilizing P2Y pu-
rinergic receptors (31) and, thus, are not a good cell
model for measurements of P2XR-mediated Ca®" in-
flux.

In additional experiments, we further characterized
GT1 cells as a potential cell model for studies on
activity of P2XRs. ATP-induced elevation in the [Ca?*];
in GT1 cells expressing P2X2,R was abolished by re-
moval of extracellular Ca®", indicating that Ca®" in-
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flux exclusively accounts for the rise in [Ca2?*]; (Fig.
4A). The substitution of extracellular Na® with N-
methyl-pD-glucamine reduced the amplitude of Ca2"
signals but did not affect the rates of Ca®" signal
desensitization (Fig. 4B). This is probably the receptor-
specific feature, because an increase in peak amplitude
of Ca®* signals was observed in P2X R-expressing cells
bathed in sodium-deficient medium (47).

We also tested the impact of expression of voltage-
gated Ca?" channels on the pattern of ATP-induced
Ca?' signaling. These experiments were done in
P2Xo.R-expressing cells. The addition of nifedipine, a
blocker of L-type Ca2" channels, also reduced the am-
plitude of Ca®* responses without affecting the rates of
signal desensitization (Fig. 4C, middle trace). Activa-
tion of voltage-gated Ca?" influx by high-potassium-
induced depolarization of cells before ATP stimulation
was also ineffective in changing the rates of Ca2*
signal desensitization (Fig. 4C, bottom trace). To test
the potential coupling of Ca2?" influx with Ca®?"-in-
duced Ca?" release from intracellular pools, cells were
treated with 100 uM ryanodine. The pattern of ATP-
induced Ca?" signals in ryanodine-treated cells was
indistinguishable from that observed in control cells
(not shown), confirming a previously published finding
that these cells do not express operative ryanodine
receptor channels (5).

Spatiotemporal characteristics of P2XR-generated
Ca®* signals in GT1 cells. As in current responses by
recombinant P2XRs, ATP-induced Ca?" response was
composed of two phases: a relatively rapid rise in
[Ca®*]; from basal levels to peak response (activation
phase), followed by a gradual decline toward the pla-
teau response (desensitization phase) (Fig. 4A). In fur-
ther studies, we examined whether the temporal pat-
terns of Ca?* signaling by recombinant P2XRs reflect
the receptor specificity of current signaling. We also
examined the spatial characteristics of P2XR-gener-
ated Ca2" signals during activation and desensitiza-
tion phases. In these and following experiments, volt-
age-gated Ca?* influx was not blocked and all recep-
tors were stimulated with 100 pM ATP wunless
otherwise indicated.

Figure 5A shows that P2XR-generated Ca?" signals
were receptor specific with respect to the peak CaZ*
responses and signal desensitization rates. The peak
amplitudes were in the following order: P2X3R <
P2X7R < P2X4 R = P2Xo, + XuR < P2X5, + X4R <
P2Xo,R < P2X5,R (Table 1). In parallel to current
responses to 100 uM ATP (Fig. 1), Ca%?" signals desen-
sitized very rapidly in P2X3R- and P2Xg, + X4R-ex-
pressing cells and with moderate rates in P2Xs,R-,
P2Xo, + X4R-, and P2X,R-expressing cells, whereas
Ca?* signals showed little or no desensitization in
P2X5.R and P2X;R-expressing cells. Figure 5B shows
ratio images of cells before addition of agonist (left) and
at the peak [Ca®']; response (right). There was an
increase in Fs40/F3g0 ratio in all regions of the central
section of cells expressing all of the examined channels,
indicating that generation of global Ca?* signals is a
common feature of these receptors.
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Except for P2X;R, activation phase was too rapid to
be analyzed by the imaging system with the resolution
time of about one image per second. Figure 6 illustrates
the spatiotemporal aspects of Ca%" signals in P2X;R-
expressing cells before and during activation of recep-
tors with 1 mM ATP. The temporal changes of Ca?*
signal (Fig. 6, bottom right) are shown as Fs40/F3s0
ratio of averaged intensities in the whole cell area. The
[Ca?"]; rose during continuous ATP stimulation, reach-
ing the plateau 25 s after the addition of ATP. Fig. 6,
top, shows several ratio images taken at different time
points (denoted by red circles at lower right). Consis-
tent with the generation of global Ca?" signals during
activation phase, there was an increase in the ratio in
all regions of the central section of the cell.

The receptor-specific rates of desensitization did not
affect the global nature of Ca?* signaling. Figure 7
illustrates spatial characteristics of Ca%* signaling in
P2Xo.R (Fig. 7A), P2Xo,R (Fig. 7B), and P2X3R (Fig.
70). After reaching the peak value, the [Ca?"]; declined
slowly to the steady level in P2X5,R-expressing cells, at
moderate rates in P2Xg,R-expressing cells, and rapidly
in P2X3R-expressing cells. In all three cases, the ratio
values in all areas in the central section of the cells
decreased but remained above the basal level, suggest-
ing that the global nature of Ca?" signals was pre-
served during receptor desensitization.

Comparison of Ca®* and current signaling in P2XR-
expressing cells. To study the concentration-dependent
effects of ATP on peak amplitude of current and Ca2"*
responses, we selected P2X,,R-expressing cells. In
both measurements, ATP was effective in the 0.5-100
wM concentration range (Fig. 8A). The parallelism in
the concentration-dependent curves for current and
Ca?* responses indicates that the peak amplitude of
Ca?" signals reflects well the size of currents.

In cells expressing different P2XRs and stimulated
with 100 pM ATP, there were significant variations in
the amplitudes of peak current/Ca?* responses (Table
1). Overall, the peak amplitudes of current and Ca2*
responses correlated reasonably well (R = 0.88 for

Time (seconds)

linear relationship; Fig. 8B), further indicating that
the amplitude of current response represents the major
factor that determines the magnitude of Ca2* signals.
We also correlated the receptor-specific half-times of
current desensitization (1) with the normalized ampli-
tude of [Ca?*]; responses. To do this, the peak ampli-
tudes of [Ca®"]; response were divided with the peak
amplitudes of the corresponding currents and these
values were plotted against calculated 7 for current
desensitization. Results, shown in Fig. 8C, indicate a
strong (R = 0.97) log-linear relationship between decay
in current responses and peak amplitude of normalized
[Ca%*]; responses. These results imply that, in addition
to the size of current, the rate of current desensitiza-
tion influences the peak amplitude of [Ca?*]; response,
especially in rapidly desensitizing channels.

In further studies, we compared the rates in current
and Ca?" signal desensitization during the prolonged
ATP stimulation. A closer evaluation of the current
and Ca?* decays in cells expressing four wild-type and
two chimeric P2XRs is shown in Fig. 9A. Both Ca?*
and current measurements revealed the receptor-spe-
cific desensitization pattern in order (from rapidly de-
sensitizing to nondesensitizing): P2X3R > P2Xy, +
X4R > P2XoR > P2X5, + X4R > P2X4,R > P2Xo.R >
P2X-R. In chimeric P2X5, + X4 R and P2Xg, + X4R,
substitutions of P2XsR ectodomain to that of P2Xy
apparently accelerated desensitization rates, and these
functional differences were detected in both Ca®* and
current measurements.

The calculated 7 values were consistently smaller in
current measurements than in [Ca®"]; measurements
(Fig. 9B and Table 2), indicating that intracellular Ca?*
handling mechanisms influence the rates of signal de-
crease. Correlation analysis of T values for current and
Ca?* decays showed a strong linear relationship, with a
fourfold higher 7 for [Ca?"]; signals (Fig. 9B). Two chi-
meric receptors fit well into the curve (Fig. 9B, filled
circles), further indicating that modification of the recep-
tor structure affects the rates of their desensitization but
does not change the impact of Ca?" handling on sig-
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in Table 1. B: spatial distribution of Ca®* signals at the w00
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naling. Thus the slower kinetics of Ca?* elimination
from the cytosol is not dependent on the channel type.
Effects of extracellular pH and Zn?™* on ATP-induced
Ca®" signaling. To test the validity of Ca?* measure-
ments as a method in studies on pharmacological prop-
erties of P2XRs, we examined the sensitivity of ATP-
induced Ca?* responses in GT1 cells to extracellular
pH and Zn?*. In accord with experiments with current
measurements (18, 34, 44), acidification and alkalin-

ization had opposite effects on ATP-induced Ca2?* re-
sponses in P2X5,R- and P2X,R-expressing cells. As
shown in Fig. 10, acidification increased the amplitude
of Ca®* responses in P2Xy,R-expressing cells stimu-
lated with 1 nM ATP, whereas in alkalinized cells the
response was diminished. In P2X,R-expressing cells,
however, acidification attenuated 1 pM ATP-induced
Ca?* response and alkalinization facilitated response,
compared with physiological pH 7.4.
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Table 1. Peak amplitudes of 100 uM ATP-induced
calcium and current responses

Receptor [CaZ*]; (F340/F3s0) Current, nA
P2X7R 0.82+0.07(8) 0.80+0.10(5)
P2X2.R 1.78 +0.17(12) 1.89+0.24(14)
P2X4R 1.05+0.07(11) 1.11+0.24(11)
P2Xs. + X4R 1.35+0.15(7) 2.09+0.45(19)
P2XoR 1.41+0.09(14) 1.99+0.46(13)
P2Xo, + X4R 1.13+0.23(5) 2.08+0.67(12)
P2XsR 0.43+0.06(7) 0.98+0.16(19)

Numbers in parenthesis indicate number of single cells for current
recordings or number of experiments with simultaneous calcium
recordings with at least 15 cells per dish. The basal intracellular
calcium concentration ([Ca2"];) and leak currents were subtracted.

ATP-induced Ca?* signals also reflected well the
extracellular Zn?* sensitivity of P2Xs.R (9, 45). When
added in 10 wM concentration for 3—5 min before ATP
stimulation, Zn?" increased the sensitivity of P2Xz.R,
which is illustrated in Fig. 11A by change in the
threshold concentrations of agonist (left traces) and
increase in the amplitude of Ca®?" response to 1 pM
ATP (right traces). The full concentration dependence
of ATP on peak amplitude of Ca®" signals and the
leftward shift in EC50 (from 1.81 *+ 0.03 pM to 0.35 =
0.03 pM) is shown in Fig. 11B. Increase in the sensi-
tivity of P2Xo,R for ATP was accompanied with in-
crease in the rates of signal desensitization (Fig. 11C),
confirming that efficacy of agonist for the ligand bind-
ing domain reflects the strength of desensitization (16,
17).

DISCUSSION

Here, we studied the spatiotemporal aspects of Ca2™"
signaling by P2XRs, the dependence of Ca?" signaling
pattern on the kinetics of current activation and desen-
sitization, and the validation of single-cell Ca?* mea-
surements as a method for investigating the P2XR
activity. For current measurements, we used HEK-293
and GT1 cells. A majority of previously published elec-
trophysiological recordings with recombinant P2XRs
was done in HEK-293 cells (4, 14, 26, 27, 36, 46), and
we used these cells in current recordings to provide a
valuable control for comparison with previous work. In
full accordance with literature data (reviewed in Refs.

Times (s)
10 26 32 34

[ | J

1 mM ATP

ole
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28 and 30), we show here that wild-type P2XRs desen-
sitized in a receptor-specific manner. P2X3R desensi-
tized rapidly, P2X5,R desensitized with moderate
rates, P2X2,R desensitized slowly, and P2X-R did not
desensitize. Furthermore, two chimeric channels,
P2Xs5.R + X4R and P2Xs, + X4R, desensitized in a
manner that differed from that observed in parental
receptors. Finally, the patterns of ATP-induced current
signaling in mammalian HEK-293 and GT1 cells were
highly comparable. The receptor-specific current re-
sponses in these two cell types were also comparable
with records from receptors expressed in Xenopus oo-
cytes (3, 6, 33, 46), further suggesting that the influ-
ence of host cells is not critical in evaluating the recep-
tor-specific activity by current measurements.

For Ca?" measurements, we used immortalized go-
nadotropin-releasing hormone-secreting GT1, but not
HEK-293 cells. Consistent with an earlier published
study showing the expression of P2YRs in HEK-293
cells (31) and high amplitude but transient nature of
Ca?" signaling in other cell types expressing P2YRs
(47), we show that ATP-induced peak Ca?* mobiliza-
tion in these cells exceeds or is comparable in magni-
tude and/or duration with Ca2?" influx by all P2XRs
other than P2X2,R and P2X7R. The sensitivity of these
receptors to ATP and several other agonists is in the
concentration range typical for P2XRs (30). Thus Ca?™*
measurements in these cells could not be effectively
used to study P2XR-mediated Ca?" influx. In contrast,
GT1 cells do not express purinergic P1 and P2 recep-
tors endogenously (21). Together with high expression
efficiency for P2XRs (>70%), this provides the major
advantage for their selection in this and related (16, 17,
23) studies.

GT1 cells have several other major advantages for
studies on P2XR activity. The endogenous ectoATPase
activity in GT1 cells is low (Tomié et al., unpublished
observations) compared with other neuroendocrine
cells (37), a feature important for experiments with
sustained ATP stimulation. The secretory pathway in
GT1 cells is operative (25) and provides the potential
for studies on the coupling of P2XR to exocytosis. GT1
cells (but not HEK-293 cells) express voltage-gated
Ca?" channels and spontaneously fire dihydropyri-
dine-sensitive action potentials (40, 41). Because
P2XRs are frequently expressed in excitable cells and

Fig. 6. Spatiotemporal characteristics of Ca?* sig-
naling during the activation phase of P2X7R. Top
shows ratio (Fs40/F3ss0) images of a single cell at 7
different time points from a representative exper-
iment. The pseudocolor scale is shown at bottom
left. Bottom right shows temporal changes of
[Ca%"]; recorded from the whole cell area. Red
circles correspond to images at top.

08¢e 4 /0179 9

0 15 3.0
[Ca2*] (F

Time (s)

34O/F380)
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participate in the control of physiological processes by
depolarizing the cells and activating voltage-gated
Ca?" influx (28), GT1 cells also provide a suitable cell
model for studying the Ca®* signaling function of these
receptors. In general, the associated voltage-gated
Ca?" influx amplifies Ca?* signals but does not influ-
ence the kinetics of signal desensitization. Here, this
was illustrated in three types of experiments: depolar-
ization of cells with high potassium, blockade of volt-
age-gated Ca®" influx by nifedipine, and substitution
of extracellular sodium with N-methyl-D-glucamine.
Experiments with sodium-free media also illustrate
that sodium conductance through the pore of P2XR is
not critical for Ca®* permeability of the pores.

112(s)

When expressed as homomers in GT1 cells, both
wild-type and chimeric channels responded to ATP
with a global rise in [Ca?*]; but with variable and
receptor-specific peak amplitudes of Ca®* response and
rates of desensitization. The global nature of Ca?*
signals was observed during the rising and declining
phases in [Ca?*];, indicating that the rate of receptor
desensitization did not affect the spatial characteris-
tics of Ca%" signals. For the majority of P2XRs, the
rising phase was rapid and more difficult to study with
Ca?" imaging at the rate of about one image per sec-
ond. The exception was P2X7R, which responded to
ATP with a rise in [Ca?"]; that lasted for tens of
seconds. On the other hand, the rate of Ca®* imaging
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could provide an effective mechanism for graded ac-
tions of P2XRs on cytosolic and nuclear processes. In
general, the global Ca?" signaling could be generated
by Ca?* influx by two mechanisms: passive diffusion of
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Fig. 8. The relationship between current and Ca?" responses in
P2XR-expressing cells. A: concentration-dependent effects of ATP on
peak amplitude of current and Ca?* responses in P2X2,R-expressing
cells. B: linear relationship between the peak amplitude of current
and Ca?" in P2XR-expressing cells in response to 100 p.M ATP. C:
log-linear relationship between 7 values for decay in current re-
sponse and peak amplitude of Ca?" response to 100 pM ATP. To
minimize the impact of the amplitude of current response on Ca?*
signaling, the values for peak [Ca%"]; were normalized by dividing
the F340/F3g0 values with the peak values of the corresponding
current response. a, P2X7R; b, P2X2.R; ¢, P2X4R; d, P2X2, + X4R; e,
P2XouR; f, P2Xop, + X4R; g, P2X3R; and A, vector-expressing cells. R,
coefficient of correlation.

in our experiments was sufficient to follow the tempo-
ral aspects of Ca?" signaling during the declining
phase in all receptors, including the rapidly desensitiz-
ing P2X;3R.

The global Ca2?" signals are not only suitable to
control the plasma membrane events but also the cy-
tosolic and nuclear events (29). In that respect, the
attenuation of the amplitude of global Ca®" signals
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Fig. 9. Comparison of decays for Ca?* and current signals in P2XR-
expressing cells during the sustained stimulation with 100 .M ATP. A:
the profiles of agonist-induced Ca?" (left) and current (right) signals in
cells expressing P2Xs,R and P2Xo,R (top), P2X4R and P2X3sR (middle),
and P2Xs, + X4Rs and P2Xs, + X4Rs (bottom). Vertical dotted lines
indicate the values for 7. Means *+ SE for 1 values are shown in Table 2.
For easier comparison, the peak values for the [Ca®"]; and current were
normalized and currents were purposely shown in the opposite direc-
tion. B: correlation between T values for decay in Ca?* and current
signals in P2XR-expressing cells in response to 100 M ATP. Means =+
SE for 7 values are shown in Table 2. a, P2X7R; b, P2X2.R; ¢, P2X4R; d,
P2Xon + XyR; e, P2XopR; f, P2Xo, + X4R; g, P2X3R; and h, vector-
expressing cells.
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Table 2. Receptor-specific half-times (1) for
desensitization of calcium and current responses
during the prolonged stimulation with 100 uM ATP

Receptor 7 (8) for calcium 7 (s) for current
P2X7R 152.34 +7.21(8) 37.563+4.81(5)
P2Xs.R 76.39=3.79(12) 16.82+1.39(14)
P2X4R 45.43 +2.04(11) 9.16+1.29(11)
P2Xs, + X4R 29.19+1.93(7) 5.65+1.05(19)
P2XoR 21.54+0.99(14) 4.36+0.80(13)
P2Xo, + X4R 10.74 +0.65(5) 2.28+0.61(12)
P2X3R 8.43+0.59(7) 1.55+0.32(19)

Numbers in parenthesis indicate number of single cells for current
recordings or number of experiments with simultaneous calcium
recordings from at least 15 cells per dish. Basal [Ca?']; and leak
current values were subtracted.

ions within the cytosol and active propagation, known
as Ca?*-induced Ca2" release, through ryanodine re-
ceptor channels (29). The second mechanism is un-
likely, because ryanodine did not affect the pattern of
P2XR-mediated Ca?* signals and was also ineffective
in altering the pattern of action potential-dependent
Ca?" signaling in these cells (5). This provides an
additional methodological advantage for the usage of
GT1 cells in studies on P2XR activity.

In this study, we also progressed in understanding
the mechanism for generating the receptor-specific
Ca?*' signaling patterns. Linear regression analysis
revealed the correlation between peak amplitudes of
current and Ca?" response, suggesting that the size of
inwardly depolarizing current reflected on the ampli-
tude of Ca®?" response. Experiments with P2X5,R stim-
ulated with increasing concentrations of ATP are also
in line with this hypothesis. From a physiological point

A

CALCIUM SIGNALING BY P2X RECEPTORS

of view, variations in single-channel conductivity of
P2XRs (10, 11, 46) and the receptor-specific conductiv-
ity for Ca2™ (12, 13, 35, 39, 42) should be the major
sources contributing to the variations in the peak am-
plitude of current response among receptors, if they are
expressed at comparable levels. To account for impact
of the size of current on Ca®?" signaling, the peak
amplitudes of Ca?* responses were normalized and
plotted against 7 values for decay in current response.
The results of these investigations indicate a linear-log
relationship between the two parameters. Therefore,
the rate of current desensitization is also likely to
influence the magnitude of Ca2" response.
Furthermore, we show that the patterns of current
and Ca?" signal decays are highly comparable. Linear
regression analysis revealed a strong correlation be-
tween the 1 values for current and Ca2™" signals, indi-
cating that rates of current desensitization also deter-
mine the rates of Ca?* signal desensitization. This in
turn suggests that both measurements could be used to
compare the rates of receptor desensitization. For ex-
ample, the same conclusion would be reached in anal-
ysis of the dependence of receptor desensitization on
ectodomain structure by comparing wild-type P2Xs,R
and P2X5,R and chimeric P2Xs, + X4R and P2Xs5, +
X4R pairs in current and Ca?* measurements.
However, the times needed to reach the half- and
steady desensitized states for P2XRs were significantly
longer in Ca®* than in current measurements. Slower
Ca?* signal desensitization reflects the slow kinetics of
cation elimination from the cytosol. The present data
confirmed that Ca®?" handling is not a channel- but
rather a cell-dependent process. In general, Ca®" is
removed from the cytosol by several mechanisms, in-
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cluding Na*/Ca2" exchanger, plasma membrane and
endoplasmic reticulum membrane Ca?*-ATPases, and
uptake of Ca2™ by mitochondria (29). In this respect, it
is reasonable to speculate that the ratio between T
values for current and Ca?* could vary among variable
cells, depending on the cell type-specific Ca?" handling
mechanisms.

Finally, our results show that Ca?* signals reflect
well the receptor-specific pharmacology. We have pre-
viously reported that agonists other than ATP stimu-
late Ca%" influx in GT1 cells in a receptor-specific
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manner and with EC5o values comparable to those in
current measurements (16, 17, 23). Here, we show that
ECs0 values for ATP estimated in current and Ca?"
responses are comparable. Our results further indicate
that Ca2" measurements report accurately about the
receptor-specific sensitivity to extracellular pH and
Zn?", found previously by others in current (1, 7-9, 34,
44, 45) and Ca?" (47) measurements. Experiments
with Zn?" are also in accord with our recent findings
that the ectodomain structures of P2XRs, i.e., the effi-
cacy of agonist for receptors, influence the rates of
receptor desensitization (16, 17). Thus a leftward shift
in the ECso for ATP in P2X5,R-expressing cells bathed
in Zn2"-containing medium increased the rates of re-
ceptor desensitization.

In conclusion, here we show that recombinant
P2XRs can generate global Ca?" signals when ex-
pressed as homomers in GT1 cells. Ca%?" influx
through the pores of P2XRs and voltage-gated Ca?*
channels, and the subsequent diffusion of this cation
within the cell, accounts for the generation of global
signals. This is a common feature of all P2XRs,
whereas the peak amplitude of Ca?" response and
the temporal aspects of Ca?" signaling are receptor
specific. Parallelism in current and Ca?* signaling
patterns observed under different experimental con-
ditions also indicate the potential application of sin-
gle-cell Ca?* measurements in studies of activity of
P2XRs. There are several advantages of single-cell
Ca?" measurements in such studies, including the
number of cells that can be examined simulta-
neously, the preserved interior of the cells compared
with the whole cell patch-clamp recording, and the
possibility of studying the spatial aspects of signal-
ing and physiological role of P2XRs in intact cells.
This method also has its limitations, including the
temporal dissociation between Ca®?" signaling and
P2XR activity and the selection of a cell model with
respect to the endogenous expression of P1 and
P2YRs, the coupling of Ca?* influx to Ca®"-induced
Ca?" release from intracellular stores, and the cell
type specificity in pathways controlling Ca®" efflux.

Present addresses: H. Zemkova, Institute of Physiology, Academy
of Sciences of the Czech Republic, 142 20 Prague4, Czech Repub-
lic; T.-a. Koshimuzu, Dept. of Molecular Cellular Pharmacology,
NCMRC, Tokyo 154, Japan.
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