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Extracellular ATP acting on P2X, receptors opens a channel permeable to small cations,
creates an access pathway for the entry of larger molecular weight dyes, and causes cell
death. We used whole-cell recording and fluorescence microscopy to measure the time
courses of ionic currents, uptake of the propidium dye YO-PRO-1, and membrane
disruption, in human embryonic kidney (HEK293) cells expressing the rat P2X; receptor.

The ATP analogue 2’,3’-O-(benzoyl-4-benzoyl)-ATP (30 pm) induced memlrane blebbing
within 30—40 s of sustained application; this was 5—10 times slower when extracellular
sodium was replaced by larger cations.

Fluorescence of YO-PRO-1 was detectable within 3 s, and the uptake reached a steady rate
within 10-20 s; YO-PRO-1 uptake was greatly enhanced by removing extracellular sodium.

Electrophysiological measurements of current reversal potentials with intracellular sodium
and extracellular cations of different sizes showed that the ionic channel progressively
dilated during 10-20s to a diameter greater than 1nm (10A). With short agonist
applications (3—5 s) the pore dilatation and YO-PRO-1 uptake were reversible and repeatable.

Polyethylene glycols having molecular weights 2 5000 blocked the increase in cation
permeability, YO-PRO-1 uptake and memkrane blebbing.

We conclude that maximum P2X, receptor activation causes an exponential dilatation of the
ion channel with a time constant of 25s to a final diameter of 3—5nm from an initial
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minimum pore diameter of 0-8 nm.

There are currently seven members of the P2X family of
subunits for ATP-gated ionotropic receptors, defined on the
basis of amino acid sequence deduced from cloned ¢cDNAs
(see North & Barnard, 1997). The receptors are multimeric
membrane proteins; individual subunits have two
transmembrane domains, a cysteine-rich extracellular loop
formed by most of the polypeptide chain, and relatively
short intracellular N- and C-termini. The P2X, receptor
differs from the others in having a longer C-terminus.
Receptors P2X, through to P2X, are widely expressed in
central and peripheral neurones as well as other excitable
cells (Vulchanova et al. 1996, 1997; Collo et al. 1996; Le et
al. 1998), but the P2X, receptor is not neuronal; it is
predominantly expressed in antigen-presenting immune
cells and epithelia (Rassendren et al. 1997b; Collo et al
1997; Cario-Toumaniantz et al. 1998).

P27 is the name given to a subtype of purine receptor by
Gordon (1986) which is expressed by antigen-presenting
cells such as lymphocytes, mast cells and macrophages.
Three consequences of the activation of P27 receptors have
since been widely reported (reviewed by Wiley et al. 1996;

Di Virgilio et al. 1996). These are the opening of a cation
channel, the creation of a transmembrane pathway
sufficiently large to allow the passage of larger molecular
weight fluorescent dyes, and cell lysis (Cockeroft &
Gomperts, 1979a,b; Dubyak & El-Moatassim, 1993; Di
Virgilio, 1995). The most defining features of these actions
of ATP are (i)that the effects are much enhanced by
removal of divalent cations (which has been interpreted to
indicate that ATP* rather than MgATP is the active species),
and (ii) that 2",3"-0-(benzoyl-4-benzoyl)-ATP (BzATP) is a
considerably more potent agonist than ATP itself.

The P2X., receptor, when expressed in heterologous cells,
corresponds in many of its properties to those of P2Z
receptors (Surprenant et al. 1996). Thus, HEK293 cells
transfected with P2X; subunit cDNA exhibit inward cation
currents, uptake of fluorescent dyes, and cell lysis.
Truncation of the receptor by removal of most of the intra-
cellular C-terminal prevents cell lysis, and much reduces dye
uptake, but appears not to alter the function of the molecule
as an ATP-gated cation channel (Surprenant et al. 1996).
The aim of the present work was to make a more complete
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kinetic study of these three measures of P2X, receptor
activation — cation current, uptake of dye, and cell lysis.
Knowledge of their temporal relationships would be helpful
in understanding the molecular mechanisms by which they
are induced by P2X receptor activation.

First, we took a biophysical approach towards measuring
the time dependence of the permeability of the cation
channel, by measuring the reversal potential of the ATP-
induced current with extracellular cations of different size;
the largest cation used was N-methyl-p-glucamine (molecular
weight 195). Second, we measured the uptake of the
propidium analogue YO-PRO-1 (YOPRO) by measuring the
change in single cell fluorescence as a function of time after
adding BzATP. The YOPRO cation is divalent with a
molecular weight of 376. Third, we observed cell lysis
directly as membrane blebbing and disruption. We also
studied the effects of some polyethylene glycols of various
molecular weights on cation currents and YOPRO uptake,
because these molecules have been widely used to ‘size’ the
permeation path of other large channels (e.g. Krasilnikov et
al. 1992; Parsegian et al. 1995a,b; Desai & Rosenberg, 1997).

METHODS

HEK293 cells stably expressing the rat P2X, receptor (Surprenant
et al. 1996) were used in the majority of experiments; some
experiments were carried out on HEK293 cells transiently
transfected with rat P2X, receptor ¢DNA, with co-transfection
with enhanced green fluorescent protein ¢DNA to identify
receptor-expressing cells. Methods of stable and transient
transfections have been detailed previously (Rassendren et al.
1997b). There were no differences in results obtained from transient
or stable expression systems and all results were pooled. Tests of
significance were performed using Student’s ¢ test; P< 0:005 was
considered significant. All experiments were carried out at room
temperature (21-23 °C).

Electrophysiology

Standard whole-cell recordings were obtained using the EPC-9
patch-clamp system (HEKA, Lambrecht, Germany). Patch pipettes
(4—7 MQ) were filled with (mm): 160 NaCl, 10 Hepes and 11 EGTA;
in some experiments the intracellular solution was 154 KCl, 5 NaCl,
10 Hepes and 11 EGTA. Normal extracellular solution contained
(mm): 147 NaCl, 2 KCI, 1 MgCl,, 2 CaCl,, 10 Hepes and 12 glucose;
‘low divalent’ solution contained no added MgCl, and 0-2mm CaCl,.
To measure the permeability to monovalent cations, after the
whole-cell configuration was obtained in normal solution the
solution was changed to (mm): 154 test cation, 10 Hepes and
12 glucose. Test cations were chloride or hydrochloride salts of
2-methylethanolamine (DEA), Tris, tetraethylammonium (TEA),
dimethylamine (DMA), and N-methyl-p-glucamine (NMDQG), all
from Sigma. To determine anion selectivity, reversal potentials
were first measured in 154 mm NMDG/117 mm chloride, and then
in solution containing 34:5mm NMDG/23-4mm chloride
(osmolarity maintained by increasing glucose to 246mm).

Polyethylene glycols (PEGs) were used at concentrations of
5—20 mMm. For PEG 4000 and 6000, NaCl or NMDG in the external
solution was decreased to 100mMm to maintain osmolarity; intra-
cellular NaCl was also reduced to 100mm to maintain bi-ionic
conditions. In control experiments for these studies sucrose was
used instead of PEG. All solutions were maintained at pH 7-3 and
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300—310 mosmol I, Dimensions of cations given were estimated
using van der Waals radii from energy-minimized models
constructed with Desktop Molecular Modeller (Oxford University
Press).

ATP and BzATP were applied with a fast-flow U-tube delivery
system (Fenwick et al. 1982); the same concentrations were applied
in the presence or absence of divalent cations, thus no account has
been taken of the active species of ATP (see Virginioet al. 1997).
Liquid junction potentials were corrected by use of a salt bridge
(3 M KCl) as described by Neher (1992). Unless otherwise stated,
membrane potential was held at —60mV. Currents in the presence
of agonist were not corrected for linear leakage because currents in
the absence of agonist were < 0-5% of maximum agonist-induced
currents. Series resistance was <5 M€ for all experiments; no
compensation was applied for currents < 0-5 nA but larger currents
were compensated by 75%. Current—voltage relations were
obtained by voltage ramps (0-5—1 s duration) from —90 to OmV
unless otherwise stated. Results were accepted only if the current
and membrane conductance returned to within 2—-5% of control
(prior to agonist application) values (e.g. Fig. 34), thus indicating
that the large conductance increase and shift in reversal potential
were not due to cell lysis with loss of seal. Following agonist
application with the test cation, the solution was rapidly changed
back to the normal physiological saline containing MgCl, and
CaCl,. Permeability ratios (Pyx/Py,) were calculated as described
previously (Evans et al. 1996) from:

Py/ Py, = (INa"]; exp(FV/RT))/[X"],,

Values stated in the text and the table are means +s.E.M. from
individual cells, whereas graphs were drawn by averaging the results
from all experiments and fitting a single curve to the pooled data.

Single-cell imaging and immunohistochemistry

YOPRO uptake was measured using a Zeiss Axiovert 100 and oil
immersion Fluar x40 objective, and the Photonics monochromator
Imaging (TILLion VISION) system (Photonics, Planegg, Germany).
YOPRO (1-5 gm, YO-PRO-1 iodide, Molecular Probes) was present
in all solutions prior to and during agonist application. Fluorescence
was measured from single cells in the field of view (excitation
491 nm/ emission 509 nm); images were captured at 0-2—2 Hz.
YOPRO fluorescence from individual cells was averaged; the
differentiated signal is presented to indicate the rate of YOPRO
uptake into cells. Cell lysis was measured as memhrane disruption
and the formation of large blebs, visualized with a x100 Neofluar
objective under transmitted light; digital images were captured at
1-2 Hz and subjected to edge-filtering using NIH Image 1.61
software. Time from the onset of agonist application to the first
image containing a fully disrupted edge was taken as time to
membrane disruption. Data are means +s.E.M.

For immunohistochemistry, a rat P2X, receptor cDNA was used
that carried a C-terminal epitope (DPGLNEYMPME) cloned into
pcDNA3 (Invitrogen) as described previously (Rassendren et al.
1997a). HEK cells were transiently transfected with Lipofectin as
previously described (Evans et al. 1996; Rassendren et al. 1997b).
Forty-eight hours after transfection, cells were fixed with
Zamboni’s fixative for 20 min, washed with physiological saline and
incubated in donkey serum with or without detergent (2%
Triton X) for 1h, and then incubated with primary mouse
monoclonal anti-EYMPME antibody (BABCO, Berkeley, CA, USA;
1:1000 dilution) for 1 h. Cells were then washed with physiological
saline and incubated with the secondary antibody (fluorescein
isothiocyanate-conjugated donkey anti-mouse IgG at 1:100
dilution) for 1 h, washed three times and viewed with the Zeiss
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Axiovert fluorescence microscope or a Zeiss LSM 410 confocal
microscope. These protocols yielded no fluorescence in untrans-
fected, or mock-transfected (with pcDNA3 vector) HEK cells.

RESULTS

Cell lysis during P2X, receptor activation

Cell lysis due to activation of P2X; receptors in heterologous
expression systems, or P2Z receptors in native cells, is well
documented (see Di Virgilio, 1995; Ralevic & Burnstock,

Dilatation of P2X; receptor pore
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1998). However, its time course has not been reported. We
therefore measured the time to membrane disruption in
individual HEK cells expressing rat P2X, receptors in
response to application of BzATP at a concentration which
is near-maximal for activation of the fast inward current
(30 yv: Surprenant et al. 1996). In normal physiological
solution, membrane disruption occurred 28—45s (36 + 55,
n=19) from the beginning of the agonist application
(Fig.1); cell disruption was not significantly faster in
magnesium-free solution (28 +4s, Fig.1D). Replacement
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Figure 1. Cell lysis in HEK cells expressing rat P2X, receptor in normal and altered ionic solutions

A and B, digital photomicrographs of one cell in normal physiological solution during 40 s application of
BzATP (30 um) at times indicated (4) and after edge-filtering of the image (B); membrane disruption is
clearly evident at 30 and 40 s. €, immunohistochemical localization of C-terminal epitope-tagged P2X,
receptor in HEK cells. Cell on left was not exposed to BzZATP and was permeabilized with Triton X; cell
on right was fixed immediately after 2 min application of BzATP without detergent permeabilization
protocol. D, summary of all experiments measuring time to membrane disruption in normal and altered
intracellular (via whole-cell recording pipettes) and extracellular solution; numbers above each bar are

numbers of cells examined.
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of extracellular sodium with NMDG increased the time to
membrane disruption by 3- to 5-fold (128 + 14 s, Fig.1D)
as did replacement with DMA, Tris, TEA, or DEA (data
not shown).

In a second series of experiments, we measured the time to
membrane disruption in cells from which we also made
whole-cell recordings. When the recording pipette
contained potassium chloride, the time to membrane
disruption was similar to that observed without whole-cell
recording in the case of normal extracellular solution
(Fig.1D). However, membrane disruption was greatly
retarded when the patch pipette contained sodium chloride
in place of potassium chloride (1224158, n=12 wvs.
35+4s, n="7, Fig.1D). When the external solution
contained NMDG in place of sodium, lysis also occurred
more slowly if the patch pipette contained sodium chloride
(242 £+ 218, n=14; Fig.1D). Thus, extracellular sodium
promotes, while intracellular sodium retards, cell disruption
during sustained P2X, receptor activation. In all
subsequent electrophysiological experiments, the intra-
cellular solution was sodium chloride; this facilitated
calculations of permeability ratios under bi-ionic conditions
and allowed measurements of conductance and permeability
changes during the sustained 40s agonist application
without danger of cell lysis. The presence of YOPRO (1 gm)
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in the superfusion fluid did not alter the time to membrane
disruption in normal solution (n = 14) or NMDG (rn = 9).

Immunohistochemical localization of a C-terminal epitope-
tagged rat P2X, receptor also illustrated the dramatic
membrane disruption associated with sustained (2—3 min)
agonist application. In cells not exposed to agonist,
membrane permeabhilization with Triton X revealed P2X,
receptors uniformly distributed at the plasma memlrane
(Fig.10); non-permeabilized cells showed no immuno-
fluorescence. Immunohistochemistry of cells expressing
P2X receptors after a 2 min application of BzATP revealed
gross membrane disarray (Fig. 1C) whether or not the cells
had been exposed to detergent.

Uptake of the fluorescent dye YOPRO

Rapid and reversible dye uptake was observed when BzATP
was applied in normal physiological saline (Fig.2A4). Cell
fluorescence became readily detectable with applications
lasting for 58, but not when they were less than 3s. The
increase in fluorescence ceased when the brief agonist
application was discontinued. With brief (5s) applications
of BzATP repeated at 1 min intervals, the rate of change of
fluorescence (indicating the entry of YOPRO in the
preceding second) declined to zero after each application;
the time constant of decline was 5 + 0:4 s (n = 19) (Fig. 24).
The rate of YOPRO uptake was greatly increased in the low
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Figure 2. YOPRO uptake during activation of P2X, receptor

A, rate of YOPRO uptake in response to 5s application of BzZATP at 1 min intervals in normal and low
divalent solution as indicated. Traces are the average of 12 cells in field of view; no evidence of cell damage
was associated with these brief agonist applications. B, rate of YOPRO uptake increases with decreasing
concentration of extracellular sodium; traces are the average of 12—18 cells in field of view. marks
average time of membrane disruption of cells in each of the solutions; note the inverse correlation between
YOPRO uptake and cell lysis during P2X receptor activation.
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Table 1. Summary of permeability change of different-sized monovalent cations with time during
P2X, receptor activation

Test cation n Diameter Vieves Py /Py, Viev. a0s Py/Pxa T
(nm) (mV) (mV) (s)
Dimethylamine 9 0-40 —12+15 062 09+ 01 1-0 07+ 01
2-Methylethanolamine 9 0-52 —37+0-8 0-23 2:5+ 26 1-1 37108
Tris 8 0:65 —50 4+ 09 0-14 —53+15 0-81 44404
Tetraethylammonium 7 0:72 —70+ 06 0:06 —83+ 24 0:72 59408
N-Methyl-p-glucamine 18 0-76 —88+ 15 0-03 —22+4 20 042 98+ 11

Cation ‘diameter’ is estimated as the mean of the two smallest dimensions, calculated as in Methods.V,

rev

values are reversal potentials measured at 2s and at steady-state (usually 40s) during a 40-60s
application of BzATP (30 gm). Time constant () of reversal potential change is from the best single

exponential fit. n, number of experiments.

divalent solution, and it took longer to recover after agonist
washout (7=12-3 + 1'4s, n =10, Fig.24). This transient
uptake of YOPRO was not accompanied by evidence of
membrane disruption. The rate of YOPRO uptake increased
as external sodium was replaced with NMDG (Fig. 2 B); this
relationship was linear with a slope of 1:8.

Cation permeability increase: pore dilatation

When NMDG was the only external cation, application of
BzATP (30 um) produced an immediate outward current;
this indicates that the channel which opens allows sodium to
leave the cell more readily than NMDG can enter. However,
when the BzATP application was continued for 45-60 s,

Figure 3. NMDG permeability increases during P2X,
receptor activation

A, whole-cell recording during 50 s application of BzZATP

(30 pm) in bi-ionic conditions (NMDG outside, sodium inside).
At the holding potential of —60mV, current is initially
outward due to net outward Na* flux but rapidly becomes
inward as NMDG permeability increases. B, current—voltage
curves constructed from experiments as in 4 but with ramp
voltage commands applied at 2—3 s intervals during BzZATP
application; reversal potential shifts from —85mV to a
steady value of —28 mV over 20 s.

this outward current declined and became inward within
10s (Fig.34). Reversal potentials were measured at
intervals of 2—4s during this time using ramp voltage
commands (Fig.3B); the reversal potential shifted from
—88+1'9mV m=19) at 28 to a steady-state value of
—22 4 2:4mV at 20—30 s (Table 1). This corresponds to the
permeability ratio (Pyype/Pya) changing from 0-03 4 0-002
at t=2s to 0148+ 0:04 at 40s (Table 1). If this time-
dependent increase in NMDG permeability occurred as a
single step transition, then the rate at which it occurred
would be independent of the size of the permeant cation
used to measure it. Reversal potentials as a function of time
were determined for a series of smaller organic cations
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(Table 1). Figure 44 plots these results; for each cation the
time course of reversal potential change was well fitted to a
single exponential function, the time constant of which
increased as the size of the permeable cation increased
(Table 1). These results indicate that the increase in
permeability occurs progressively, and that the conducting
pore passes through a series of smaller sizes before reaching
its NMDG-permeable size.

The conducting pore remained cation selective as it enlarged
to reach the NMDG-permeable state. This was shown by
comparing the results in the ‘standard’ external NMDG/
chloride solution (154 mm NMDG/117 mm chloride) with
those in a solution in which both NMDG and chloride
concentrations were reduced 5-fold (34-5mm NMDG/
23'4 mm chloride) (see also Tatham & Lindau, 1990). The
reversal potential in the low NMDG/chloride solution shifted
exponentially from —118 + 5:3mV at 2 s to —61 + 2:7mV
at 40s (n=7, Fig.4B). The time constant of this change
was 11:8 4+ 1:5 s in the solution with low ion concentrations,
which was not significantly different from the control value
(Table 1). The theoretical values for the reversal potentials
were calculated to be —125mV and —57 mV at zero and
40s respectively (using Pyypg/Pxa Obtained from the
standard NMDG solution). The corresponding Pyypa/Pxa
values in the low NMDG /chloride solution were 0:051 + 0-01
at 2 s and 045 4 005 at 40 s. These values are not different
from those measured for the normal NMDG/chloride
solution, indicating that the P2X, receptors remain cation
selective throughout the dilatation process.
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The rate of increase in NMDG permeability was strongly
dependent on the agonist concentration. Little or no change
was seen with 0:3 um BzATP applied for up to 2min
(Fig.54), although at later times there was a small but
rather variable decline in the NMDG reversal potential; this
concentration produced a current in normal physiological
saline that was 8—12% of the maximum current induced by
30 um BzATP. At 1 and 3 uMm, there was a clear delay before
the onset of the permeability increase; these concentrations
are less than half-maximal (EC,)) for inducing inward
current in normal external solution (Surprenant et al. 1996).
At higher concentrations (30 M) there was no obvious lag
(Fig.5A4). The points in Fig. 54 are reasonably well fitted by

a function of the form:

Vrev = Vrev,min + (Vrev,max - Vrev,min)(1 - eXp(_[A]kt))nHa

(1)
where Vi, min and Vi oy are initial (at 2s) and final
reversal potentials, k is a forward rate constant and [A] is
the BzATP concentration. The curves were fitted with ng
(Hill coeflicient) values of 2—5, suggesting that the forward
reaction is driven by the binding of multiple agonist
molecules, but that there are also co-operative interactions

(see Fig. 5 legend).

External Ca®* and Mg2+ strongly inhibit the initial currents
through P2X, receptors as well as YOPRO uptake
(Surprenant et al. 1996; Virginio et al. 1997; see Di Virgilio,
1995); therefore, we examined the effects of these divalent

Figure 4. Kinetics of permeability increase

A, time course of permeability increase depends on size of
permeant ion. Summary of all results from experiments as
illustrated in Fig. 3B with extracellular monovalent cations as
indicated. Data points (n = 5—14 for each point) are fitted to a
single exponential, the time constants of which increase as a
function of the size of the substituted cation. B, reversal
potential change with time after BzZATP application in standard
NMDG /chloride solution (@) and in 5-fold lower NMDG and
chloride concentrations (O). Data points for low NMDG /chloride
solution are fitted to the exponential function expected if the
channel remained cation selective during dilatation.
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cations on the change in NMDG permeability. Reversal
potentials were measured first in the standard NMDG
solution and then after the addition of either 2mm Ca®* or
1 mm Mg** (Fig.5B). Both calcium and magnesium slowed
down the rate of increase in NMDG permeability, although
neither altered the steady-state Pyympa/ Py, ratio (calculated
values in calcium and magnesium were 0:42 4+ 0:05, n = 6,
and 0:48 + 0:06, n="7, respectively). The time constants
were 96 + 1-2s (n=13) in control divalent-free solution,
2054+ 465 (n="7) in 1 mm Mg*", and 32:2 4+ 7-5s (n= 6)
in 2 mm Ca®. Reversals potentials were shifted positively
when Ca’" or Mg®" were added, indicating that both
permeate throughout the duration of agonist application
(Fig.5B).

Effects of polyethylene glycols

NMDG was the largest organic cation readily available for
use as a charge carrier; many others which we considered or
tried were toxic, or not available in the millimolar
concentrations required. We therefore attempted to use
polyethylene glycols (PEGs) of various molecular weights,
which have been used to size large channels such as
alamethicin (diameter ~2 nm; Bezrukov & Vodyanoy, 1993),
the mitochondrial voltage-dependent anion channel (diameter
~4nm; Zimmerberg & Parsegian, 1986), and bacterial
toxin pores (Moran et al. 1992).

The progressive increase in permeability to NMDG which
occurred after adding ATP was cut short by PEG6000.

Figure 5. Pore dilatation depends on agonist
concentration and divalent ions

A, concentration dependence of pore dilatation. Reversal
potential as a function of time during application of 0-3, 1,
3 and 30 um BzATP as indicated. Points are fitted by
least-squares to eqn (1) in the text. The values fork

(v s7") and nyg are for 0-3 gar: 003 and 4+7; for 1 pnr:
0-:03 and 3-9; for 3 ym: 0:12 and 4'7; and for 30 um: 0-15
and 1:8. B,addition of calcium (@) or magnesium (W)
decreases rate of change of reversal potential with time in
agonist but does not decrease steady-state permeability.
Dashed line shows curve from Fig. 44 for comparison.
Note that initial values in calcium or magnesium are
depolarized with respect to NMDG alone, indicating that
both divalent cations permeate the channel.
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Figure 64 shows the results from reversal potential
measurements in control NMDG solution compared with
those in NMDG to which had been added PEG6000. In
PEG6000 the reversal potential moved positively during the
first 58, but then it remained at a value of about —60mV
(=61 £ 1:3mV compared with —25+ 2mV in control;
n=4, Fig.64). These measurements of reversal potential
are necessarily conducted in solutions containing zero
external sodium, which would increase the rate of dilatation
We therefore measured the time-dependent conductance
increase which occurred after applying agonist, in normal
physiological solutions (Tatham & Lindau, 1990). Cells were
held at 0 mV and voltage ramps from —40 to 40mV (1 s
duration) were applied at 5—10 s intervals before, during
and after BzATP application (Fig.6B5 and C). PEG6000
reduced the steady-state conductance increase (Fig.60);
after 60 s in BzATP the slope conductance was 54 + 3 nS in
control and 23 4+ 3 nS in PEG6000 (n = 11). PEG6000 also
somewhat slowed the rate at which the conductance increase
developed; the exponentials fitted in Fig.6C have time
constants of 245+ 2:6s for control and 40+ 3s for
PEG6000.

The smaller polyethylene glycols (PEG4000, PEG2000)
retarded the entry of YOPRO initially, but after 20-30 s it
reached its original rate of entry. The time for the rate of
YOPRO entry to reach its half-maximal level was 18 + 3 s
in control solutions, 45 + 4 s in PEG2000 and 78 + 6 s in
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PEG40000 (n=11). No uptake of YOPRO was observed in
PEG6000 or PEG10000 even with agonist applications up
to 4 min (Fig. 7), nor was there any evidence of cell lysis
during this time.

DISCUSSION
Kinetics of pore dilatation

The primary aim of this study was to examine the time
course and final size of the dilatation of the P2X receptor
channel. This is most accurately assessed by reversal
potential measurements, using organic cations of a range of
sizes. The channel activated by BzATP was initially
relatively impermeable to large cations such as NMDG
(1-08 nm x 0-87 nm X% 0-65 nm), but after 40 s of sustained
receptor activation, the permeability increased by about
10-fold (Fig. 3, Table 1; see Surprenant et al. 1996). The
time course of this permeability increase was faster for
smaller cations (Fig. 3, Table 1) and we interpret this to
indicate that the permeation path undergoes a progressive
dilatation, rather than a single-step transition from a small
size to a large size. Even at its ‘final’ size (see below), the
channel remains somewhat selective; it is still about twice as
permeable to sodium as to NMDG, and it is essentially
impermeable to anions.

NMDG + 1 mM Mg**
-40

in PEG
6000

16 20 36 6 B0 80 70
time (s)
B time in BzATP (s) time in BzATP (s)
nAL2 69 50, 2 ¥
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40 20 D 40 . p
»
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When inward currents are elicited by brief applications
(1-2s) of BzATP in cells expressing P2X, receptors, a
dose—response curve is obtained which has a half-maximal
concentration (EC,,) of about 10 gm (in normal external
calcium and magnesium; Surprenant et al. 1996; Virginio et
al.1997). The agonist concentrations which were effective to
increase NMDG permeability during prolonged applications
were generally similar; the lowest concentration tested
(100 nm) evoked a small current in normal solution (about
10% of maximal) but did not evoke any permeability
increase in NMDG solution. Moreover, there was a striking
slowing of the onset of the permeability increase when the
BzATP concentration was less than 10 um. On the
simplifying assumption that reverse processes can be
neglected, the kinetics of development of the NMDG-
permeable state conformed reasonably well to a model in
which several agonist molecules bind to trigger the
permeability increase (Fig. 5 legend). One interpretation of
the results is that a singly or doubly liganded receptor might
induce the initial (‘channel’) opening, and the binding of
further agonist molecules leads to the dilated (‘pore’) state.
Other kinetic models are possible, and further experiments
would be required to distinguish among them.

One of the limitations in the interpretation of these
experiments is that they are necessarily carried out in

Figure 6. Effects of PEG6000 on permeability
and conductance increase

A,NMDG reversal potentials in the absence @) and
presence (W) of PEG6000; Mg®* (1 mm) was present
in both solutions. Agonist (BzATP, 30 um) was added
at time zero. B, membrane conductance changes with
time after BzZATP application in normal physiological
solution. Current—voltage curves were obtained from
one cell during 60—90 s application of BzZATP (30 um)
before (left) and after (right) addition of PEG6000.
C,summary from all experiments as illustrated in B,
where slope conductance is plotted as a function of
time in BzATP; n =9 for each point.
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external solutions lacking sodium, calcium and magnesium.
Introduction of calcium or magnesium slowed the rate at
which the permeability increased by 2- to 3-fold (Fig.5B).
Independent experiments of two sorts suggest that the rate
is also slower when sodium is the main external cation,
rather than NMDG. First, simply measuring the cell
conductance showed that this increased exponentially with
a time constant of about 25 s in 30 gm BzATP, some two to
three times slower than the change in NMDG permeability
(Fig.60). Second, YOPRO entered the cell more rapidly as
the external sodium concentration was reduced (Fig.2B).
Moreover, the permeability changes were measured with
sodium as the predominant intracellular cation whereas in
undisturbed cells this would be potassium. We do not know
how this might alter the rate of development of NMDG
permeability; we do know that extracellular sodium greatly
accelerates membrane blebbing and disruption (see below).

The observations on uptake of YOPRO supplement the
measurements of reversal potential in two important ways.
First, they are carried out on undisturbed cells. Second,
they provide a measure of the uptake of an organic cation
which is larger than NMDG. YOPRO is a divalent cation of
molecular weight 376; we estimate the dimensions to be
168 nm x 0°94 nm x 0:89 nm. The product of the two
smallest dimensions is 0-84 nm® in comparison with
0-57 nm® for monovalent NMDG. There are disadvantages
to the use of YOPRO. We do not understand the details of
the kinetics with which it binds to intracellular nucleic acids
and becomes visibly fluorescent; moreover, it is also possible
that YOPRO becomes readily detectable in the cell as it

30 uM BzATP
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enters through a small number of quickly dilating channels,
whereas the electrophysiological measures of reversal
potential would provide a read-out of the average behaviour
of all the channels. Nonetheless, the two methods (YOPRO
uptake and electrophysiological measures) provide generally
concordant evidence that under physiological conditions, at
room temperature, activation of the P2X, receptor results
in the immediate opening of a cationic channel which dilates
within several seconds to a cross-sectional area at least as
great as 6:0 and 9:0 nm® This process is accelerated by
reducing the external sodium concentration, or by removal of
external magnesium or calcium.

Although YOPRO uptake and potential
measurements provided concordant results for the initial
change in channel pore diameter, neither method allowed an
estimate of the final size of the pore. Polyethylene glycols
have been used to estimate the size of memlrane pores
because they behave as non-electrolyte spheres in solution.
Two main approaches have been used. In the first, the effect
of the PEG on single channel conductance is determined, for
channels expressed in lipid bilayers: if the conductance is
decreased then the polymer is entering the channel
(Krasilnikov et al. 1992; Bezrukov & Vodyanoy, 1993). The
second approach is osmotic protection: if cell lysis is blocked
by a PEG having a larger diameter but not by a PEG having
a smaller size, then it might be concluded that the lytic pore
allows the smaller but not the larger PEG to permeate
(Moran et al. 1992). We found that PEG6000 (and
PEG10000) had four main effects on the action of BzZATP:
it prevented cell lysis, it prevented YOPRO uptake ({ig. 7),

reversal

—he
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Figure 7. PEG6000 and PEG 10000 prevent YOPRO uptake

The smaller PEGs initially slow down the rate of YOPRO uptake. Points are the means of 12—42 cells;
standard errors of the means are omitted for clarity but are <12% for all points. YOPRO uptake
experiments were performed in normal physiological saline.
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it prevented the large increase in permeability to NMDG
(Fig.64), and it reduced the slowly developing conductance
increase observed in normal solution (Fig.6C). PEG6000
has a hydrodynamic radius of 2:5nm (measured by
viscosimetry) and a crystal radius of about 1:2nm
(Krasilnikov et al. 1992). The smaller PEGs (2000 and 4000)
delayed the onset of YOPRO entry but they did not block it.
It is tempting to interpret the experiments with YOPRO
(Fig.7B) to indicate that PEG2000 and PEG4000 lose their
ability to block dye uptake because they become able to pass
through the pore as it dilates; the pore never reaches a size
which allows the passage of PEG6000 (Fig. 7), and the ‘final’
size would lie between these limits. The simple interpretation
that PEG2000 and PEG4000 fail to block YOPRO uptake
because they permeate the channel would provide an
estimate for the diameter of about 4:0 nm, but this would
need to be substantiated by direct measurement (perhaps
using fluorescently labelled PEGs) before one could make
reliable conclusions. In fact, the accuracy of the method of
sizing has become somewhat suspect in light of the recent
determination of the crystal structure of the Staphylococcus
aureus a-haemolysin: the minimum pore diameter of the
crystallized protein was 1:6 nm (Song et al. 1996), whereas
the minimum diameter estimated with PEG was 2:6 nm
(from its hydrodynamic radius; Krasilnikovet al. 1992).

How do these results compare with those obtained for
activation of P2Z receptors on native cells? Previous studies
on both cloned and native P2X, receptors have shown
significant species differences as well as marked effects of
increased temperature (Buisman et al. 1988; Wiley et al.
1996; Virginio et al. 1997); thus, the pertinent comparative
studies are those obtained at room temperature in rat
tissues. In rat mast cells and macrophages, significant
chloride permeability develops during application of ATP
(Buisman et al. 1988; Tatham & Lindau, 1990). In our
experiments, there was no evidence for the development of
any anion permeability at a time when the NMDG
permeability had reached a plateau, suggesting that a
mechanism distinct from a simple channel dilatation
underlies any anion permeability change that may occur.
The slow conductance increase in mast cells occurred over
tens of seconds, comparable to the present results. Finally,
the time course of ethidium uptake into mast cells treated
with ATP was broadly comparable to that observed in our
experiments.

Pore dilatation and cell lysis

The uptake of membrane-impermeant nucleic acid-binding
molecules, such as ethidium, propidium and YOPRO, are
standard tools for measuring cell permeabilization; indeed,
propidium is often used in fluorescence-activated cell sorters
to select and discard permeabilized cells, which are presumed
to be dead. Here we show that brief (5 s) activation of P2X,
receptors is sufficient to permeabilize HEK cells because
YOPRO uptake is readily observed; this permeabilization is
transient, reversible and repeatable for stimulus intervals
greater than 1 min.
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Previous studies have indicated that agonist concentration—
response curves and divalent cation sensitivities are the
same for P2X, receptor-induced cell lysis (measured as
visualization of membrane disruption and blebbing) and dye
uptake or ionic currents (Rassendren et al. 1997b; Virginio
et al. 1997); this has led to the idea that cell lysis directly
results from the dilatation of a cell-permeabilizing pore.
This is the first study in which memhbrane disruption has
been measured in real time at the single-cell level, and this
allows direct comparisons between cell lysis and dye
uptake/ionic currents, assuming that memlrane disruption
adequately reflects cell lysis. We have found three ways in
which permeabilization to organic cations including YOPRO,
and cell lysis measured as membrane disruption, fail to
correlate. First, decreasing extracellular sodium slows
membrane disruption by several minutes but increases the
rate of pore dilatation measured by either YOPRO or
permeability changes. Previous studies in antigen-
presenting cells have also found dye uptake during P2X,
receptor activation to be significantly increased by removal
of extracellular sodium and concluded that extracellular
sodium prevents or slows the cytolytic process (Chen et al.
1994; Wiley et al. 1994; Song & Chueh, 1996). The present
study shows the opposite to be true. Second, as discussed
above, the ion-conducting pore remains cation selective over
the time course of our measurements, and thus does not
provide a transmembrane pathway allowing colloid osmotic
swelling. Third, microscopic observation of cells activated
by P2X., receptor activation reveals extensive blebbing and
membrane disarray unlike that observed after other types
of ‘pore-forming’ cell permeabilization methods ([ig.1('),
such as detergents, streptolysin or other antibiotics, and
calcium or sodium ionophores (authors’ unpublished
observations). On the other hand, PEG6000 and PEG10 000,
which blocked dye uptake, also blocked cell lysis.

The intracellular C-terminus of the P2X, receptor is
approximately 200 amino acids longer than other
P2X receptors; this is required for cell lysis because no lysis
occurs in HEK cells expressing a truncated receptor lacking
the final 177 residues, although this receptor still functions
as a cation-selective ion channel (Surprenant et al. 1996).
YOPRO uptake during activation of the truncated receptor
is reduced by more than 90% but is not abolished
(Rassendren et al. 1997b). This is consistent with our recent
finding that a proportion of cells expressing P2X, or P2X,
receptors also show rapid and significant uptake of YOPRO
when exposed to ATP for several seconds, and that this is
accompanied by a progressive increase in permeability to
NMDG (Virginio et al. 1999). In fact, the kinetics of that
uptake and NMDG permeability increase are very similar to
those described for P2X, receptors in the present paper.
However, we have never observed ATP-induced lysis of cells
expressing P2X, or P2X, receptors. This observation
further supports the distinction between YOPRO uptake
and cell lysis, and serves to underline how little we
understand about the mechanism by which lysis occurs.
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In conclusion, we have shown that activation of homomeric
rat P2X, receptors results in a dilatation of a cation-
selective channel from its initial diameter (~0-7—08 nm) to
a size which exceeds 10 nm within 10—-30 s and may reach
4:0 nm. The rate depends on the ionic composition of the
intracellular and extracellular solution. Although activation
of this receptor also induces cell lysis, our results suggest
that this might not be the immediate result of pore
dilatation.
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