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1 Apparent species di�erences in the responses of recombinant P2X7 receptors to repeated
application of 2'- and 3'-O-(4-benzoylbenzoyl)-ATP (BzATP) have been investigated.

2 Repeated application of 100 mM BzATP resulted in a progressive increase in current magnitude
(current growth) at mouse and human, but not rat P2X7 receptors.

3 Current growth was thought to re¯ect progressive dilation of the P2X7 ion-channel to a pore
permeable to large molecules (MW5900), suggesting that channel dilation was not occurring at the
rat P2X7 receptor. However, 100 mM BzATP produced a rapid in¯ux of YO-PRO-1 (MW375) in
cells expressing rat or human P2X7 receptors.

4 There were, however, species di�erences in agonist potency such that 100 mM BzATP was a
supra-maximal concentration at rat, but not human or mouse, P2X7 receptors. Importantly, when
sub-maximal concentrations of BzATP or ATP were examined, current growth occurred at rat P2X7

receptors.

5 The rate of current growth and YO-PRO-1 accumulation increased with agonist concentration
and appeared more rapid at rat and human, than at mouse P2X7 receptors.

6 The potency of BzATP and ATP was 1.5 ± 10 fold lower in naõÈ ve cells than in cells repeatedly
exposed to ATP.

7 This study demonstrates that current growth occurs at mouse, rat and human P2X7 receptors but
only when using sub-maximal concentrations of agonist. Previously, current growth was thought to
re¯ect the progressive increase in pore diameter of the P2X7 receptor ion channel, however, the
results of this study suggest a progressive increase in agonist potency may also contribute.
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Introduction

The P2X7 receptor is a ligand-gated cation channel activated

by extracellular ATP. It has been described as a bi-functional
entity (Surprenant et al., 1996) since it is known that with brief
agonist exposure the ion-channel is only permeable to small

inorganic cations including calcium, potassium and sodium
but, with repeated or prolonged exposure to agonist, the
channel dilates and becomes permeable to molecules as large as

900 Da (Steinberg et al., 1987; Nuttle & Dubyak, 1994).
The rat, human and mouse P2X7 receptors have been cloned

and their pharmacological and functional properties deter-

mined (Surprenant et al., 1996; Rassendren et al., 1997;
Chessell et al., 1998). The species orthologues possess di�erent
pharmacological properties with the rat and human P2X7

receptors having much higher a�nity for agonists than the

mouse P2X7 receptor (Chessell et al., 1998). There are also
marked species di�erences in responses of P2X7 receptors to
repeated application of agonist. Thus, repeated agonist

application leads to a progressive increase in current (current
growth) in cells expressing the mouse (Chessell et al., 1998),

but not the rat or human P2X7 receptors (Rassendren et al.,

1997; Surprenant et al., 1996). Furthermore, with repeated
agonist application, the time taken for responses to decay to
baseline after agonist removal (decay time) increases at the rat

P2X7 receptor (Surprenant et al., 1996), whereas changes in
decay time are less pronounced at the human P2X7 receptor
(Rassendren et al., 1997) and not detected at the mouse P2X7

receptor (Chessell et al., 1997). The changes in decay time and
current growth with repeated agonist application are either
irreversible or slowly reversible (420 min) and have been

suggested to be associated with the dilation of the P2X7

channel (Chessell et al., 1997).
In the present study we have further examined the responses

of rat, human and mouse P2X7 receptors to repeated and

sustained agonist application in order to determine the reasons
for the inability to observe current growth at the rat P2X7

receptor. Current growth has been studied using whole-cell

patch-clamp electrophysiology while P2X7 receptor-mediated
pore formation has been studied by measuring the cellular
accumulation of quinolinium,4-[(3-methyl-2 (3H) -benzoxazo-

lylidene) methyl]-1[3-(triethylammonio) propyl]-, diiodide
(YO-PRO-1) using confocal microscopy or a 96-well plate
reader. YO-PRO-1 is a membrane-impermeant cation (629
Daltons for the di-iodide salt; 375 Daltons for free base) whose

¯uorescence increases upon binding nucleic acids and thus
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represents an excellent probe for detecting permeability
changes in P2X7 receptor channels (Hickman et al., 1994;
Surprenant et al, 1996; Michel et al., 1999).

Methods

Cell culture

HEK293 cells stably expressing the rat (Surprenant et al.,

1996), human (Rassendren et al., 1997) or mouse (Chessell et
al., 1998) orthologues of the P2X7 receptor were used in all
experiments. 16106 wild-type HEK293 cells, were transfected

with 5 mg of the relevant P2X7 cDNA plasmid construct using
an electroporator (EasyJet, EquiBio, Kent, U.K.). Transfected
cells were selected in a growth medium comprising Dulbecco's

modi®ed Eagle's medium F12 supplement mix (DMEM/F12)
containing 10% foetal bovine serum (FBS) and 500 mg ml71

geneticin sulphate (G418) to obtain stable expression of the
relevant P2X7 receptor. Cells were passaged when con¯uent by

incubation in trypsin and dilution into fresh growth medium.

Electrophysiological recordings

Recordings from HEK293 cells stably transfected with
recombinant P2X7 receptors were made essentially as described

(Chessell et al., 1997). Brie¯y, cells were perfused with
extracellular solution containing a reduced divalent cation
concentration, consisting of (in mM): NaCl 145, KCl 2, CaCl2
0.5, HEPES 10, D-glucose 10 (pH 7.3, osmolarity 300 mOsm).
All experiments were performed at 22 ± 248C. Whole cell
patch-clamp recordings (Hamill et al., 1981) were made with
electrodes (resistance 2 ± 5 MO) ®lled with (in mM): Cs

aspartate 145, EGTA 11, HEPES 5, NaCl 2 (pH 7.3,
osmolarity 290 mOsm). In some studies the NaCl of the
extracellular solution was substituted with 145 mM Na-

glutamate. Currents were ®ltered with a corner frequency of
1 ± 5 kHz (8-pole Bessel ®lter), digitized at 2 ± 10 kHz using a
Digidata 1200A (Axon Instruments, Palo Alto, CA, U.S.A.)

interface, and stored on computer. Data was only obtained
from cells with a residual series resistance of less than 18 mO.
Cells were voltage clamped at 790 mV.

Concentration-e�ect curves (CEC) for the ability of ATP

and 2'- and 3'-O-(4-benzoylbenzoyl)-ATP (BzATP) to elicit
inward currents were determined by application of agonists to
naõÈ ve cells for either 0.5 s (for rat P2X7) or 2 s (for human and

mouse P2X7) using a computer controlled fast-¯ow U-tube
system (Fenwick et al., 1992). Current growth was studied by
repeated application of agonist (for 2 s every 20 ± 30 s), up to

30 times. CEC to BzATP were also determined on cells which
had been repeatedly exposed to 1 mM ATP every 30 s until
there was no further current growth.

Confocal microscopy

HEK293 cells stably transfected with rat, human or mouse

P2X7 receptors were maintained as described above. Cells
were plated on poly-l-lysine coated (20 mg ml71 poly-l-lysine)
22 mm diameter glass coverslips (Chance Proper, Agar

Scienti®c Ltd., Essex, U.K.) at a density of 26105 cells per
coverslip. When required for study, coverslips were removed
from the wells and placed in coverslip holders (Digitimer,

Welwyn Garden City, Herts., U.K.). The cells were
incubated in a bu�er of similar composition to the
extracellular recording solution used in the electrophysiolo-
gical studies, but also containing YO-PRO-1 (1 mM). All

experiments were performed at 22 ± 248C. The coverslips
were visualized using a confocal laser scanning microscope
(Zeiss LSM 510, Welwyn Garden City, Herts., U.K.) with

an excitation wavelength of 488 nm and all emitted light
above 505 nm was collected. Images were collected every
second at a resolution of 5126512 pixels and BzATP
(100 mM) was added after eight images had been scanned

and the cells were imaged for a further 30 min. The intensity
of YO-PRO-1 accumulation in the cells was measured using
the region of interest analysis software provided with the

LSM 510 microscope. An average of 10 cells were analysed
on each coverslip and each experiment was repeated at least
three times. Data for cells containing the mouse P2X7

receptor in NaCl bu�er are the average of four cells which
were examined in one experiment.

YO-PRO-1 accumulation in cell suspensions

Studies on the cellular accumulation of YO-PRO-1 in cells
suspensions were performed as described previously (Michel et

al., 1999). Brie¯y, con¯uent HEK293 cells, stably expressing
the rat, human or mouse recombinant P2X7 receptors were
harvested, washed in ice-cold phosphate bu�ered saline and

centrifuged at 2506g for 5 min. The supernatant was
discarded and the cells washed once in assay bu�er consisting
of (in mM): sucrose 280, HEPES 10, N-methyl-D-glucamine

(NMDG) 5, KCl 5.6, D-glucose 10, CaCl2 1 (pH 7.4). YO-
PRO-1 accumulation was studied at 378C by addition of 100 ml
of cell suspension to 50 ml of bu�er containing YO-PRO-1

(®nal assay concentration 1.4 mM) and BzATP in a 96-well
polystyrene 1/2 area ¯at bottom plate (Costar, Bucks, U.K.).
Fluorescence was measured from below the plates in a plate
reader (FluoroCount, Canberra-Packard, Berks, U.K.) using

an excitation wavelength of 485 nm and emission wavelength
of 530 nm.

Data analysis

All data are expressed as the mean+s.e.mean. EC50 values

were determined using a three or four parameter logistic
equation (GraphPad Prism 3, CA, U.S.A.). In studies using
repeated application of agonist, the data are presented
graphically as a percentage of the response to the ®rst

application of agonist. The signi®cance of any changes in
inward current upon repeated agonist application were
determined using the raw non-transformed values by use of a

one way ANOVA followed by Tukey's test (GraphPad Prism
3).

Materials

DMEM/F12, FBS and G418 were obtained from GibcoBRL

(Paisley, U.K.). ATP and BzATP were obtained from Sigma
(Poole, U.K.). YO-PRO-1 was obtained from Molecular
Probes (Cambridge Bioscience, U.K.).

Results

E�ects of repeated or prolonged application of 100 mM
BzATP

Repeated application of 100 mM BzATP to HEK293 cells
expressing the mouse P2X7 receptor resulted in current growth
(Figure 1) which became signi®cant by the 4th application
(139+6.7% of the initial response; P50.05; one way ANOVA
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followed by Tukey's test). Current growth was detectable by

the 8th application of BzATP to cells expressing the human
P2X7 receptor (143+17.2% of the initial response; P50.05;
one way ANOVA followed by Tukey's test) but was not

detected in those cells expressing the rat P2X7 receptor (Figure
1).

Studies were also conducted with adherent cells using
confocal microscopy to visualize BzATP-stimulated changes

in permeability to YO-PRO-1 (Figure 2). In cells
expressing the rat or human P2X7 receptor, the BzATP-
stimulated increase in YO-PRO-1 ¯uorescence (YO-PRO-1

accumulation) was rapid, being detectable within 10 ± 30 s
of agonist application (Figure 2). The initial rate of YO-
PRO-1 accumulation appeared slower in cells expressing

the human P2X7 receptor than in those expressing the rat
P2X7 receptor (Figure 2), but there was little di�erence in
the overall time taken for the maximal YO-PRO-1

accumulation to be achieved (approximately 20 ± 30 mins;
data not shown). In cells expressing the mouse P2X7

receptor, YO-PRO-1 accumulation was only observed after
a 20 ± 30 min incubation period (data not shown).

Species di�erences in BzATP potency

The potency of BzATP to activate P2X7 receptors di�ered
markedly between the three species (Figure 3a). The pEC50

value for BzATP at the rat P2X7 receptor in NaCl-bu�er was

5.17+0.09 (EC50 6.8 mM). The potency of BzATP at the
human and mouse P2X7 receptors was less than determined at
the rat receptor, but a pEC50 value could not be determined
since there was no clearly de®ned maximum at 300 mM BzATP

(Figure 3a).
It was not possible to examine higher concentrations of

BzATP at the mouse and human P2X7 receptors due to a

number of practical considerations including cost and
availability. However, agonist potency at human P2X7

receptors can be increased when extracellular NaCl is

replaced by Na-glutamate (Michel et al., 1999) and this

approach was utilized to compare potency estimates between

the three species. Thus, when experiments were performed in
Na-glutamate bu�er, the potency of BzATP at all three
species increased and maximal responses to BzATP could be
obtained at the rat and human P2X7 receptors. The pEC50

values (EC50 value in parenthesis) for BzATP were
5.89+0.08 (1.3 mM) and 5.26+0.10 (5.5 mM) at the rat and
human P2X7 receptors, respectively (Figure 3b). A clearly

de®ned maximum was not obtained at the mouse P2X7

receptor but an estimated pEC50 of 4.08+0.08
(EC50=83 mM) could be calculated by ®tting the data to a

logistic function.

Figure 1 The e�ect of repeated application of BzATP (100 mM) applied for 2 s every 20 ± 30 s to HEK293 cells expressing rat,
human or mouse recombinant P2X7 receptors. (a) Representative whole cell recordings from single cells. (b) Whole cell currents
expressed as a percentage of the initial response to 100 mM BzATP. The data are the mean+s.e.mean.

Figure 2 Kinetics of BzATP-stimulated YO-PRO-1 accumulation
assessed using confocal microscopy. YO-PRO-1 accumulation was
stimulated by addition of 100 mM BzATP to HEK293 cells expressing
rat, human or mouse recombinant P2X7 receptors. Data were
obtained every second over a 110 s period after BzATP addition.
For clarity some of the data points have been omitted. Experiments
were performed at 228C in a NaCl containing solution. Data from 10
cells were averaged and the data are the mean+s.e.mean of three
experiments except for studies on the mouse P2X7 receptor which
represent data from four cells studied in one experiment.
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E�ect of repeated application of ATP on agonist potency
at P2X7 receptors

In addition to the species di�erences in potency described
above, the potency of BzATP and ATP for the rat, human and
mouse P2X7 receptors increased after repeatedly exposing cells

to ATP.
In studies on the rat P2X7 receptor, the potency of BzATP

determined in a NaCl containing bu�er was slightly, but
signi®cantly (P50.05; Student's t-test), lower in naõÈ ve cells

(pEC50 5.17+0.09; EC50=6.8 mM; nH=2.2+0.3) than in cells
pre-exposed repeatedly to ATP (pEC50 5.39+0.04; EC50

4.1 mM: nH=2.7+0.4; Figure 3c). Similarly, pEC50 values for

ATP were 3.39+0.1 (EC50=407 mM; nH=2.3+0.2) and
3.73+0.07 (EC50=186 mM; nH=1.8+0.3), respectively in
naõÈ ve and ATP-treated cells (Figure 3d).

In studies on the human P2X7 receptor performed in NaCl
bu�er, the pEC50 values for BzATP were 4.09+0.06
(EC50=81 mM; nH=1.4+0.2) and 4.42+0.12 (EC50=38 mM;

nH=1.2+0.2) in naõÈ ve and ATP-pretreated cells, respectively
(data not shown). Complete CEC to ATP could only be
obtained in Na-glutamate bu�er and, in this bu�er, pEC50

values for ATP, were 3.29+0.07 (EC50=512 mM; nH=1.0+
0.2) and 4.33+0.19 (EC50=47 mM; nH=0.9+0.1), respectively
in naõÈ ve and ATP-treated cells (Figure 3d).

Finally, the only convincing potency estimates that could be

obtained at the mouse P2X7 receptor were obtained in a Na-

glutamate bu�er. In this bu�er (Figure 3c), the potency of
BzATP was signi®cantly (P50.05; Student's t-test) lower in
naõÈ ve cells (pEC50=4.08+0.08; EC50=83 mM; nH=1.0+0.2)

than in cells pre-exposed repeatedly to ATP
(pEC50=4.58+0.09; EC50=26 mM; nH=1.4+0.2). It should
be noted that in these studies a clearly de®ned maximal

response was only obtained in the ATP-pretreated cells and so
pEC50 values in the naõÈ ve cells were calculated assuming the
maximum response obtained using 300 mM BzATP as the
maximum for the concentration-e�ect curve.

Concentration-dependence of current growth

In the initial studies performed in NaCl bu�er, 100 mM BzATP
was a supra-maximal concentration at the rat P2X7 receptor, a
sub-maximal concentration at the human P2X7 receptor and

threshold at the mouse P2X7 receptor. To determine if this
could a�ect the ability to detect current growth, studies on the
rat P2X7 receptor were performed using lower concentrations

of BzATP.
In NaCl containing bu�er, current growth was evident when

lower concentrations ofBzATP (1, 3 and10 mM)were repeatedly
added to cells expressing the rat P2X7 receptor (Figure 4a). The

rate of current growth appeared to increase with agonist
concentration since a signi®cant increase in current was detected
after the 14th, 5th and 4th applications of BzATP, when using

BzATP concentrations of 1, 3 and 10 mM, respectively.

Figure 3 Species di�erences in agonist potency and the e�ects of repeated exposure to ATP on the potency of BzATP and ATP.
Concentration-e�ect curves (CEC) to BzATP at the rat, human or mouse recombinant P2X7 receptors, were constructed in an
extracellular solution containing (a) 145 mM NaCl or (b) 145 mM Na-glutamate in place of NaCl. (c) CEC for BzATP were
determined in cells expressing rat or mouse recombinant P2X7 receptors. Studies were performed in either naõÈ ve cells (control) or in
cells repeatedly exposed to 1 mM ATP as described in the Methods (+ATP). In studies on the rat P2X7 receptor the extracellular
solution contained 145 mM NaCl while in studies on the mouse P2X7 receptor the extracellular solution contained 145 mM Na-
glutamate in place of 145 mM NaCl. (d) CEC for ATP were determined in cells expressing rat or human recombinant P2X7

receptors. Studies were performed in either naõÈ ve cells (control) or in cells repeatedly exposed to 1 mM ATP as described in the
Methods (+ATP). In studies on the rat P2X7 receptor the extracellular solution contained 145 mM NaCl while in studies on the
human P2X7 receptor the extracellular solution contained 145 mM Na-glutamate in place of 145 mM NaCl. In all ®gures data are
expressed as a percentage of the maximum current obtained for each cell type and are the mean+s.e.mean of 6 ± 13 experiments.
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Furthermore, the number of applications required for a
maximal increase in current to be achieved was less when using
higher concentrations of agonist. Current growth was also

detected after repeated application of ATP with signi®cant
increases in current observed after the 8th and 2nd applications
of ATP at concentrations of 300 mM and 1 mM, respectively

(Figure 4b).
In cells expressing the human and mouse P2X7 receptor it

was more di�cult to study the concentration-dependence of

current growth due to the inability to examine supra-maximal
concentrations of BzATP. However, current growth was
observed when using a lower concentration of 30 mM BzATP
and was almost identical to that obtained in Figure 1 using

100 mM BzATP (data not shown). Furthermore, current
growth at the human P2X7 receptor was also observed when
using ATP with signi®cant (P50.05; one way ANOVA

followed by Tukey's test) increases in current measured after
the 14th (131+14% of initial response) or 13th application
(271+83% of initial response) when using ATP concentrations

of 300 mM and 1 mM, respectively.

Concentration-dependence of YO-PRO-1 accumulation
in cell suspensions

To study directly the concentration-dependence of channel
dilation, additional studies were undertaken to measure YO-

PRO-1 accumulation. These studies were performed on cells in
suspension since mono-layers of HEK293 cells in 96-well
plates would not withstand the multiple wash procedures

required for quantitative measurement of YO-PRO-1 accu-

mulation. Furthermore, studies were performed in a bu�er in
which sucrose was substituted for NaCl since full concentra-
tion-e�ect curves for BzATP could be obtained for all three

species in this bu�er (Figure 5). In agreement with the patch
clamp studies, BzATP was most potent at the rat P2X7

receptor and least potent at the mouse P2X7 receptor with

pEC50 values (EC50 in parenthesis) of 6.60+0.03 (0.25 mM),
6.03+0.31 (0.9 mM) and 4.93+0.07 (11.7 mM) for the rat,
human and mouse P2X7 receptors, respectively. The maximal
rate of YO-PRO-1 accumulation was faster in cells expressing

rat and human P2X7 receptors, than in cells expressing mouse
P2X7 receptors. Thus, the times taken for 50% of maximal
BzATP-stimulated YO-PRO-1 accumulation to occur were

12+1, 25+5 and 109+5 min for HEK293 cells expressing rat,
human and mouse P2X7 receptors, respectively.

Discussion

The aim of this study was to determine the reasons for the

apparent species di�erences in current growth observed at the
P2X7 receptor following repeated agonist application. We
found that current growth could in fact be detected at all three

species orthologues and that the species di�erences in current
growth reported previously can be attributed to the strong
concentration-dependence of the phenomenon which results in

it only being readily detected when using sub-maximal
concentrations of agonist.

In agreement with our previous studies (Chessell et al.,

1998), we found that repeated application of 100 mM BzATP
did not result in current growth in cells expressing the rat
P2X7 receptor while current growth was detected at the
mouse and human P2X7 receptor. The exact mechanism

underlying current growth has not been determined,
although it was thought to be associated with dilation of
the P2X7 channel (Chessell et al., 1997; 1998). Assuming this

hypothesis to be true then the failure to detect current
growth in cells expressing the rat P2X7 receptor with
repeated applications of 100 mM BzATP suggested that

channel dilation was not occurring in these cells. However,

Figure 4 The e�ect of repeated application of BzATP or ATP to
cells expressing the rat recombinant P2X7 receptor. (a) The e�ect of
repeated application of BzATP at 1, 3 or 10 mM BzATP. The data are
presented as a percentage of the response to the 1st application of
BzATP. (b) The e�ect of repeated applications of 100 mM, 300 mM or
1 mM ATP expressed as a percentage of the response to the 1st
application of ATP. The data are the mean+s.e.mean of 6 ± 9
experiments.

Figure 5 Concentration-e�ect curves for the ability of BzATP to
increase YO-PRO-1 ¯uorescence in HEK293 cells expressing rat,
human or mouse recombinant P2X7 receptors. The data are
expressed as a percentage of the maximum response to BzATP
obtained in each cell type. Responses at the rat, human or mouse
P2X7 receptors were measured after 5, 10 or 40 min, respectively. The
experiments were performed at 378C in a NaCl-free, sucrose-
containing, bu�er and are the mean+s.e.mean of three determina-
tions.
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BzATP evoked a marked cellular accumulation of YO-PRO-
1 within 10 ± 30 s of application to adherent cells expressing
the rat or human P2X7 receptors but only caused a small

increase in YO-PRO-1 accumulation after 20 ± 30 min in
cells expressing the mouse P2X7 receptor.

In order to understand these paradoxical results we
examined the concentration-dependence of the process of

current growth in the three species. This was particularly
important since the potency of BzATP was found to vary
considerably between the three species with BzATP

possessing much higher a�nity for the rat than the mouse
P2X7 receptor. As a result of the species di�erences in
BzATP potency, the concentration of BzATP (100 mM)

employed in previous studies, and in our preliminary studies,
would be supra-maximal at the rat P2X7 receptor and sub-
maximal at the human and mouse P2X7 receptors.

Importantly, when lower, sub-maximal, concentrations of
BzATP were examined at the rat P2X7 receptor, current
growth was detected suggesting that current growth can be
observed at all three species when using sub-maximal

concentrations of agonist. This suggests that the failure to
observe current-growth at the rat P2X7 receptor in previous
studies was due to the use of supra-maximal concentrations

of agonist at the rat P2X7 receptor.
Previously, current growth was thought to be due to

dilation of the P2X7 ion-channel (Chessell et al., 1997) and it

has been suggested that the dilation of the P2X7 channel to
a pore permeable to YO-PRO-1 occurs more rapidly at the
rat than the human P2X7 receptor (Rassendren et al., 1997).

Furthermore, in studies with cells expressing endogenous
P2X7 receptors, changes in ethidium permeability occurred
within seconds in rat mast cells (Tatham & Lindau, 1990)
but required 10 ± 60 s in human lymphocytes (Wiley et al.,

1998) and mouse macrophages (Humphreys et al., 1998). We
could not demonstrate any marked di�erences in current
growth between the three species, although this comparison

was complicated by the concentration-dependence of the
phenomenon. However, the maximal rate of YO-PRO-1
accumulation was fastest in suspensions of cells expressing

the rat P2X7 receptor and slower in cells expressing the
human or mouse P2X7 receptors. It should be noted that the
maximum rate of YO-PRO-1 accumulation should be
proportional to the channel density and so for any direct

comparison cells should express the same density of
channels. While, it was not possible to measure directly
channel density for the P2X7 receptor orthologues, maximal

currents, which should be proportional to receptor/channel
density, were not dissimilar for the three species. Thus, when
measured in a Na-glutamate bu�er the maximum currents

elicited by BzATP were approximately 2.7, 3.7 and 1.8 nA
for rat, human and mouse P2X7 receptors, respectively
(A.D. Hibell, unpublished observation).

A further ®nding of this study was that agonist potency
appeared to be increased in cells repeatedly exposed to agonist
compared to that measured in naõÈ ve cells. This has previously
been shown for the native P2X7 receptor in NTW8 cells

(Chessell et al., 1997) and at the human recombinant P2X7

receptor (Chessell et al., 1999). In the present study repeated
exposure to ATP resulted in an increased potency of BzATP

and ATP at the rat and human P2X7 receptors and of BzATP
at the mouse P2X7 receptor.

We have previously speculated that current growth re¯ects a

progressive dilation of the P2X7 receptor channel (Chessell et
al., 1997; 1999). Thus, it was assumed that a progressive pore
dilation would result in an increase in current as a result of an
increased permeability to the charge carrying ions. However,

the present results suggest that changes in agonist a�nity could
also contribute to current growth. Thus, if agonist a�nity were
to increase with repeated agonist application, then for a ®xed

concentration of agonist, receptor occupancy would progres-
sively increase thereby leading either to a greater number of
channels open and able to pass current, or to an increase in

open channel probability. It was not possible to determine the
relative extent to which changes in a�nity and channel dilation
contributed to current growth. However, in the case of studies

on the mouse P2X7 receptor YO-PRO-1 accumulation
required many minutes indicating that channel dilation only
occurred slowly. Since current growth was observed within
four 2 s applications of agonist, this would suggest that current

growth primarily re¯ects changes in agonist a�nity rather than
changes in pore diameter, although further studies would be
required to con®rm this.

The mechanism for the changes in agonist a�nity following
repeated exposure to agonist are not known although it is of
interest that both calmidazolium (Virginio et al., 1997) and a

monoclonal antibody to the human P2X7 receptor (Buell et al.,
1998; Chessell et al., 1999) have been shown to exhibit
di�erential blockade of P2X7 receptor function depending

upon the method of study. Thus, both agents potently inhibit
responses to brief applications of BzATP in naõÈ ve cells, but
have no, or less e�ect, in cells repeatedly or continually
exposed to agonist. These observations suggest that the a�nity

of the P2X7 receptor for both agonists and antagonists can
change after agonist exposure. This change in a�nity could be
due to a direct agonist-mediated conformational change in the

P2X7 receptor or may re¯ect modi®cations to the receptor as a
consequence of activation of intra-cellular signalling pathways.

In conclusion then, we have shown that the phenomenon

of current growth can be observed at rat, human and
mouse P2X7 receptors and is produced by both BzATP and
ATP. Current growth and channel dilation appear more
rapid at the rat and human P2X7 receptors, than at the

mouse P2X7 receptor. Current growth either re¯ects the
progressive increase in the size of the P2X7 channel, or,
more probably, an increase in agonist a�nity. These long

lasting changes in channel properties may be of physiolo-
gical/pathophysiological importance. Thus, the in vivo
relevance of the P2X7 receptor can be questioned given

that it is only activated by millimolar concentrations of
ATP under physiological conditions. However, macrophages
and other immune cells that express the P2X7 receptor can

be exposed repeatedly to pulses of ATP released from
dying or damaged cells in conditions of in¯ammation or
injury (Lutz & Kabler, 1997; Braun et al., 1998). The
changes in agonist potency and channel conductance that

result from this exposure may combine to make the P2X7

receptor progressively more relevant in patho-physiological
conditions.
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