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Background and purpose: Activation of P2X receptors on macrophages is an important stimulus for cytokine release. This
study seeks evidence for functional expression of P2X receptors in macrophages that had been only minimally activated.
Experimental approach: Whole-cell recordings were made from macrophages isolated 2-6 h before by lavage from mouse
peritoneum, without further experimental activation. ATP (1-1000 um) elicited inward currents in all cells (holding potential
—60 mV). The properties of this current were compared among cells from wild type, P2X;/~ and P2X5’~ mice.

Key results: Immunoreactivity for P2X; and P2X,4 receptors was observed in wild type macrophages but was absent from the
respective knock-out mice. In cells from wild type mice, ATP and afmethyleneATP (apmeATP) evoked inward currents rising in
10-30ms and declining in 100-300ms: these were blocked by pyridoxal-phosphate-6-azophenyl-2’,4’-disulphonic acid
(PPADS, 10 um). ATP also elicited a second, smaller (~10% peak amplitude), more slowly decaying (1-3s) at concentrations
>10puM: this was resistant to PPADS and prolonged by ivermectin. Macrophages from P2X;’~ mice responded to ATP
(>100 pMm) but not apmeATP: these small currents were prolonged by ivermectin. Macrophages from P2X;’~ mice responded
to ATP and apmeATP as cells from wild type mice, except that ATP did not evoke the small, slowly decaying component: these
currents were blocked by PPADS.

Conclusion: Mouse peritoneal macrophages that are minimally activated demonstrate membrane currents in response to ATP
and ofmeATP that have the predominate features of P2X; receptors.
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Introduction

Adenosine 5'-triphosphate (ATP) is an important extracellu-
lar signalling molecule and its release evokes a variety of
physiological responses in many different tissues and cell
types. Its biological effects are mediated by P2 receptors,
either the nucleotide-gated ion-channel (P2X) or G-protein-
coupled (P2Y) receptor (Ralevic and Burnstock, 1998). Seven
mammalian P2X receptor subunits (P2X;-P2X;) have been
identified and mRNA for P2X;, P2X, and P2X; receptors
have been reported in immune cells, such as monocytes,
macrophages and brain microglia (North, 2002). In the
course of an inflammatory response, high levels of ATP can
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be released from sources such as platelets, activated leuko-
cytes and dying cells, and ATP is able to induce the release
of interleukin-1f (Perregaux and Gabel, 1994). Abundant
evidence now indicates that the P2X; receptor is critical for
this IL-1B releasing action (Perregaux and Gabel, 1994;
Ferrari et al., 1997; Laliberte et al., 1999; Sanz and Di Virgilio,
2000; Solle et al., 2001). However, macrophages must be
primed by interferon-y or lipopolysaccharide (LPS) before
they respond to ATP acting at P2X; receptors (Perregaux and
Gabel, 1994). LPS treatment induces the expression of several
hundred genes (Hume et al., 2002). In contrast, little is
known about the complement of P2X receptors of resident
macrophages at their normal or ‘resting’ state; under these
conditions they do not release cytokines, but they do display
a range of phagocytic and chemotactic properties (van Furth,
1992; Takahashi, 2000).
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Electrophysiological measurements of P2X receptor
currents have mostly dealt with ‘macrophage-derived’ cells
maintained in culture. Such studies show that ionic currents
induced by ATP have the key defining features of P2X;
receptors (Surprenant et al., 1996; Eschke et al., 2002; North,
2002). However, there are several indications that macro-
phage-like cells express other types of P2X receptor. Visentin
et al. (1999) reported currents in microglia that resembled a
combination of P2X4 and P2X; receptors, and Bowler et al.
(2003) showed that a rat lung macrophage cell line (NR8383
cells) had currents with all the characteristic of P2X,
receptors; there was no functional evidence for P2X;
receptors. Coutinho-Silva et al. (2005) reported P2X4- and
P2X;-like currents in J774 cells and mouse peritoneal
macrophages cultured for 24-48 h.

Recognizing that the expression of ion channels will likely
change markedly depending on the level of activation or
days in culture, our aim in the present work was to study
resident macrophages as soon as practicable after isolation
and identification. We used peritoneal macrophages ob-
tained with minimal experimental manipulation, and
following pre-incubation with apyrase, we recorded ATP-
induced currents within 2-6h. Given the limited pharma-
cological tools available with which to characterize P2X
receptors (Gever et al., 2006), we supplemented that
approach to the identification of subtypes by comparing
the properties of cells removed from wild-type mice with
those taken from P2X; (Mulryan et al.,, 2000) and P2X,
(Sim et al., 2006) knockout mice. The results indicate that the
predominant P2X receptor mediating ionic current under
these conditions is the P2X; receptor, with smaller compo-
nent of P2X, receptors; this is in contrast to previous studies
on activated macrophages.

Materials and methods

Preparation of mouse peritoneal macrophages

Mice used in these studies were C57BL/6] (wild type), P2X7/~
mice (Mulryan et al., 2000) and P2X3;/~ mice (Sim et al.,
2006). All experiments were carried out under the Animals
(Scientific Procedures) Act 1986. Peritoneal macrophages
were obtained from mice (26-36-day old) killed with excess
isofluorane. The peritoneal cavity was gently lavaged with
phosphate-buffered saline (PBS, Invitrogen Life Technologies,
Paisley, UK). After centrifugation (280¢ for 4 min, DBA-12,
Hettich Zentrifugen GmbH, Tuttlingen, Germany), the pellet
was resuspended in the recording buffer (mM): NaCl, 147;
KCl, 3; MgCl,, 1; CaCl,, 2; HEPES, 10 and D-glucose, 13 (pH
adjusted to 7.4 with NaOH) containing apyrase (2Uml™";
Type VII, Sigma-Aldrich, Poole, Dorset, UK). Cells were
plated onto 13 mm glass coverslips in 24-well plates as 100 pl
droplets and allowed to settle for 1h at 37 °C. Each chamber
was then flooded with 500pul PBS containing apyrase and
returned to the incubator. Immunocytochemistry and
whole-cell recordings were carried out at least 2h after
removal from peritoneal cavity.
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Immunocytochemistry and fluorescence microscopy
Macrophages on coverslips were washed once with PBS, fixed
with Zamboni’s fixative for 15 min at room temperature, and
then washed (3 x 10 min) with PBS. For F4/80 staining, cells
were blocked with 5% donkey serum in PBS containing 0.3%
Triton X-100 for 1h at room temperature before incubating
with rat anti-mouse F4/80 antibody (1:1000; Serotec Ltd,
Oxford, UK) for 18-20h at 4 °C. Cells were washed with PBS
(3x10min) and incubated with Cy3-conjugated donkey
anti-rat secondary antibody (1:200; Jackson Immuno
Research Europe Ltd) for 2h at room temperature, then
rinsed in PBS and mounted with Vectorshield (Vector
Laboratories Ltd, Peterborough, UK). In some experiments,
we used Vectorshield mounting medium with DAPI to stain
nuclei (Vector Laboratories Ltd, UK). For P2X receptor
immunocytochemistry, cells were blocked with 5% goat
serum in PBS containing 0.3% Triton X-100 (1h) and
incubated with primary antibodies (for P2X; or P2X,
1:1000; for P2X; 1:500; Alomone Labs, Jerusalem, Israel)
overnight at 4 °C. Cells were washed with PBS (3 x 10 min)
and incubated in FITC-conjugated goat anti-rabbit secondary
antibody (1:200, Jackson ImmunoResearch Europe, Ltd,
Newmarket, Suffolk, UK) for 2h at room temperature. Cells
were rinsed in PBS (3 x 10min) before mounting. Negative
controls were performed by omitting the primary antibodies.
Positive controls of P2X; immunoreactivity was verified in
human embryonic kidney (HEK) 293 cells transfected with
mouse P2X; receptor cDNA (as described previously in Kim
et al., 2001). Macrophages were viewed using an Olympus
BX40 fluorescent microscope (Olympus Optical Co. Ltd,
London, UK) and images acquired using a Hamamatsu Orca
285 camera (Hamamatsu, Hamamatsu City, Japan) controlled
by SimplePCI software (Compix Inc., Sewickley, PA, USA).

Whole-cell recording and agonist application

Coverslips with attached macrophages were placed in a
recording chamber mounted on the stage of an Axiovert
microscope (Carl Zeiss, Gottingen, Germany). Extracellular
recording solution containing (mMm): NaCl, 147; KCI, 3;
MgCl,, 1; CaCl,, 2; HEPES, 10 and D-glucose, 13 (pH adjusted
to 7.4 with NaOH) was superfused at a rate of 5.5mlmin~".
Whole-cell recordings were made at room temperature using
an EPC9 amplifier, and data collected using Pulse software
(HEKA, Lambrecht, Germany). The membrane potential was
held at —60 mV. Patch electrodes and puffer electrodes were
pulled from glass pipettes (Harvard Apparatus, Edenbridge,
UK) on a vertical puller (HEKA, Lambrecht, Germany) and
ranged from 6 to 12MQ in resistance when filled with an
intracellular solution containing (mMm): NaCl, 147; HEPES,
10; EGTA, 10, (pH adjusted to 7.3 with NaOH). ATP and
other nucleotides were prepared from 100mM frozen stock
solution (pH adjusted to 7.3) and applied via a glass ‘puffer’
pipette (1pm tip diameter, ~10psi, 69kPa) using a
pneumatic PicoPump (PV830, World Precision Instruments,
Stevenage, Herts, UK). The tip of the puffer pipette was
positioned downstream from the cell with respect to the
direction of flow of the superfusing solution, and tempora-
rily repositioned to a point about 15 pm from the cell only
for the period of application. After a single application of



ATP to any macrophage, a subsequent application 2 min later
evoked a current that was less than 20% of the first response.
Concentration-response relations shown in this study were
constructed from pooled data, in which ATP (or affmeATP)
was applied only once to one macrophage on each coverslip.
Antagonists were applied by superfusion for 5 min (suramin
and NF449) and 10min (PPADS and TNP-ATP) prior to the
application of ATP (with antagonist). The inclusion of PPADS
with ATP made no difference to its degree of antagonism.
The ATP-evoked currents were then compared with those
observed in other cells with no antagonist pre-treatment.
In some experiments, recordings were made from HEK 293
cells transiently transfected with either mouse P2X; or mouse
P2X, receptor cDNA. The approach was similar to that
described previously in Evans et al. (1995) for human P2X;
receptors. ATP was applied as described for macrophages.

Data analysis

Numerical data are means *s.e. of mean, for the number of
macrophages tested. Current traces were obtained using
Axograph (Molecular Devices, Sunnyvale, CA, USA), Kaleida-
graph (Synergy Software, Reading, PA, USA) and Canvas
(ACD Systems, British Columbia, Canada) software. Con-
centration-response curves were fitted using nonlinear
regression (curve fitting) programme from Prism 4 (GraphPad
software Inc., San Diego, CA, USA) to the means, s.e.m. and n
cells tested at each concentration. The agonist concentration
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required for the half-maximal responses is expressed as the
negative log ECso (pECsp) ts.e. Statistical significance
between data were determined using unpaired t-tests (InStat,
GraphPad Software Inc.), and differences were considered
significant at the level of P<0.05.

Chemicals

ATP, of-methylene-ATP, apyrase, suramin, pyridoxal-phos-
phate-6-azophenyl-2’,4’-disulphonic acid (PPADS), Brilliant
Blue G and ivermectin were purchased from Sigma (Dorset,
UK). 2/,3'-0-(2,4,6-trinitrophenyl)adenosine-5’-triphosphate
(TNP-ATP) and 4,4',4",4""-[carbonylbis(imino-5,1,3-benzene-
triylbis(carbonylimino))]tetrakis-benzene-1,3-disulphonic acid
(NF449) were purchased from Tocris (Bristol, UK).

Results

Macrophages from wild-type mice

Macrophages from the peritoneal lavage were identified
using the macrophage-specific antigen F4/80 (Leenen et al.,
1994). Almost (80%) all of F4/80-positive cells (Figure 1) were
circular in shape and had kidney-shaped nuclei with
DAPI staining: their diameter of 9.8+ 0.13 um (n=30). Under
phase contrast microscopy combined with epi-fluorescence,
the F4/80-positive cells were readily identified as phase bright
spherical cells. These cells showed clear P2X;-immuno-
reactivity and P2X4-immunoreactivity, predominately

P2X,-Ab P2X,-Ab

P2X receptor immunocytochemistry. Leftmost column shows that F4/80 staining was not different in macrophages from wild type

or knockout mice. Middle two columns show immunoreactivity for P2X; and P2X,4 receptors in wild type macrophages, whereas they were
absent in macrophages from cognate knockout mice. P2X; immunoreactivity was not obviously altered in cells from the P2X3/~ and vice versa.
Right columns show that P2X; immunoreactivity was undetectable in any peritoneal macrophages, under these conditions (2 h incubation at

37°C in apyrase after lavage, no LPS). Scale bars 10 um.
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dispersed in the cytoplasm but with some apparently at the
cell membrane. P2X; receptor staining was not observed
(Figure 1) in macrophages under these conditions, although
this antibody readily detects P2X; receptors in rat peritoneal
macrophages and other preparations (Kim et al., 2001; Sim
et al., 2004). We also observed immunostaining in mouse
macrophages treated with lipopolysaccharide (0.1ugml™%;
4h) and then exposed to ATP (1 mM; 5 min; data not shown).

Whole-cell recordings were made from small (<10um)
circular cells under phase contrast. At a holding potential of
—60mV, these macrophages showed a holding current of
—22+1.5pA and a capacitance of 7.9+ 0.19 pF (n=150). ATP
(1s application) elicited a current that rose to its peak within
a few tens of milliseconds, and then declined during the
application (Figure 2a). The decline of the current was clearly
biphasic, and best fitted by the sum of two exponentials: the
time constants were not different for 10 uM and 100 um ATP
(0.12£0.01s and 19 *1.4s (n=18), 0.10£0.01s and
2.0£0.33 (n=9) respectively). Concentrations of ATP greater
than 100puM gave much smaller peak currents (Figure 2c),
presumably reflecting rapid desensitization. Such fast rising
currents in response to ATP were very small or absent in
macrophages that had not been incubated with apyrase
during the 2-6 h between isolation and recording.

A concentration-response relationship for ATP from
pooled data is plotted in Figure 2c, for the peak current
and the ‘sustained’ current (measured at 1s); the apparent
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Figure 2 Currents activated by ATP and afmeATP in macrophages
from wild type mice. (a) Currents shown were evoked by ATP (15,
concentrations indicated) and (b) by apmeATP (1, concentrations
indicated) in three different macrophages in the same animal,
respectively. Note the biphasic decay of the current with 1 and 10 um
ATP. Arrowheads indicate amplitudes measured in (d). (c) Peak
currents evoked as a function of ATP and afmeATP concentrations,
measured at 200 ms. Note the profound attenuation of the peak
current with 1 and 3 mm ATP. (d) Sustained currents measured at 1s
(i.e. at the end of the agonist application) (note different y axis) for
ATP and for afmeATP at the same time point. Each point is mean
(£s.e.m.) from pooled data from 5-23 macrophages. Curve fit omits
two highest concentrations.

British Journal of Pharmacology (2007) 152 1283-1290

PECso was 5.28+0.25 (n =110 cells). The sustained current at
1s, about 10% of the peak current, did not decline with the
higher ATP concentrations. Similar currents were evoked by
afmeATP (Figure 2). Their rise time was about 80ms, and
they declined with time constants 0.14+0.02 and 0.70+ 0.07 s
(n=14: 10uM). The concentration-response relation for
affmeATP was similar to that for ATP over the range
100nM-10pM  (Figure 2b). UTP (100uM) had no effect
(2.1 0.22 pApF !, n=5).

Suramin (10 pM) had little effect on the response to ATP
(10 pum) (Figure 3a), whereas PPADS (10 uM) almost comple-
tely blocked it. NF 449 (300nM), an analogue of suramin,
completely blocked the effect of ATP (10um) (Figure 3b).
TNP-ATP (1pM) inhibited the response to 10umM ATP by
52.6£6.5 % (n=3) of control. Ivermectin potentiates and
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Figure 3 Pharmacological properties of currents activated by ATP
in macrophages from wild-type mice. (a) Currents evoked by ATP
(10pm, 1s). Left, control; middle, in suramin (10 um) and right, in
PPADS (10 um). (b) Histogram shows currents for the four sets of
cells indicated (n=4-13). (c) Ivermectin prolongs the slower
component of current evoked by ATP (10uMm, 1s). Ivermectin
(3 uM) was applied for 10 min before ATP. (d) Graph shows current
amplitude measured at 8s after ATP application (1's, concentrations
indicated). (e) lvermectin prolongs residual current in presence of
PPADS. Left, control; middle, small current remaining in PPADS and
right, small residual current in the presence of PPADS being greatly
prolonged by ivermectin.



prolongs ATP-induced currents at homomeric P2X, receptors
but not at other P2X receptors (Khakh et al., 1999; Priel and
Silberberg, 2004): it caused a modest enhancement and
noticeable prolongation of the slow component of the ATP-
induced current (3pM; 8min pre-application). There was
also a consistent inhibition of the peak response to ATP
(Figure 3c). In ivermectin, the response to a 1s application of
ATP often required several minutes to recover to the baseline
zero current. The small residual current observed in the
presence of PPADS was also markedly prolonged by ivermec-
tin (Figure 3e).

In parallel control experiments using HEK 293 cells
transfected with mouse P2X; receptor cDNA, we found that
suramin (10uM) had no significant effect on the current
evoked by ATP (10 uMm), but that NF449 (300 nM) completely
antagonized the action of ATP, as seen in the macrophages.
Similarly, PPADS (10puM) almost completely blocked the
effect of ATP (10 um).

Macrophages from P2X; knockout mice

P2X, immunoreactivity was normal in these macrophages,
but no staining was observed with antibodies to P2X; or
P2X; receptors (Figure 1). The F4/80 positive cells had a
diameter (9.9+£0.16 ym, n=27), capacitance (7.4+0.27 pF,
n=27) and holding current (—-24.6+1.9pA, n=50) not
different from wild type cells. These cells showed no
response to ATP at 10pM but higher concentrations
(>100uM to 3mM, see Figure 4) evoked very small currents
(<6pApF ! at 3mm) that developed slowly (within 1s) and
declined slowly (r=3.3£0.89s (n=10) at 1mM ATP). No
responses to afmeATP were observed in these macrophages.
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Figure 4 Currents activated by ATP in macrophages from P2X7/~
mice. (a) High concentrations of ATP (1s) were required to elicit
current. Each response shown was elicited from different macro-
phages in the same animal. (b) Small current evoked by ATP (1 mm)
was greatly potentiated and prolonged by ivermectin (3 um).
Ivermectin was pre-applied 8 min prior to ATP application in a
different cell in the same mouse. (c), Graph shows summary data for
effects of ivermectin (3uM) on ATP-evoked currents. Points are
meanst s.e.m. from pooled data of 6-8 cells.
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The response to 1 mM ATP evoked in P2X7/~ macrophages
was clearly potentiated (~4-fold) and prolonged by iver-
mectin (Figure 4b). PPADS (10 uMm) slightly potentiated the
effect of ATP, whereas Brilliant Blue G (300 nM) had no effect.
The effect of PPADS and Brilliant Blue G were confirmed in
HEK293 cells transfected with mouse P2X, receptor cDNA
(data not shown). BBG (300nM) clearly inhibited the
responses to ATP evoked in HEK cells transfected with mouse
P2X; receptor cDNA (data not shown).

Macrophages from P2X4 knockout mice

P2X; immunoreactivity was normal in these macrophages,
but no staining was observed with antibodies to P2X,4 or
P2X; receptors. F4/80 positive cells in P2X5’~ mice had mean
diameter of 9.9+0.17 ym (n=29). At —60mV, the holding
current (22.71 1.7 pA, n=98) and cell capacitance (7.8+0.17 pE,
n=98) were not different from wild type cells (P> 0.05). ATP
evoked fast-rising and -desensitizing currents that lacked the
slowly decaying component observed in wild type macro-
phages (Figure 5). The current desensitized completely
during a 1s application with a time constant not different
from the fast component seen in wild type macrophages
(r=0.14 £0.12, n=11; 10uM ATP). The concentration—
response relationship for ATP is shown in Figure 4a, with
an apparent pECso of 6.44+0.51 (n=82 cells): that is,
macrophages derived from P2X;/~ mice were approximately
15-fold more sensitive to ATP than wild type macrophages
(P<0.05). On the other hand, afmeATP also evoked currents

a b 120
ATP .
0.1 uM 1uM 10 uM s
—_——— — < ATP
r E 60 | afmeATP
[}
3 '1’ 0¢+
o
S 0 fETER VB T T B A A |
o 0.01 1 100 3000
15> .
Concentration (uM)
d 15
Control Ivermectin
ATP ATP iy
-— -— o
< 10
=
k= )
g 5l Ivermectin
g Control :L
8 0L A A A A AAMA
° 0.01 1 100 3000
2s >

Concentration (uM)

Figure 5 Currents activated by ATP in macrophages from P2X3/~
mice. (a), Current evoked by ATP (1's, and concentrations indicated)
in three different macrophages obtained from the same mouse,
lacked the small slow component on the falling phase, as shown in
WT (Figure 2). (b), Graph shows peak current evoked by ATP and
apmeATP. Note profound desensitization with ATP concentrations
greater than 300 pM. (c), Ivermectin (3 uM, pre-application 10 min)
did not produce any prolongation of the current evoked by ATP
(10 uMm, 15). (d), Graph shows the absence of any current measured
8 s after ATP application, in control or in the presence of ivermectin
(3 um).
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in P2X;/~ mice which were not different from those
observed in wild type mice (Figure 4a). In PPADS (10 um),
the response to ATP was completely blocked. Ivermectin
did not prolong the current evoked by ATP (10 uMm), but a
reduction in the peak amplitude was observed similar to
that seen in macrophages from wild type mice (Figure 5c).

Discussion

The macrophages studied in the present experiments were
small spherical cells staining homogeneously for F4/80. We
interpret this to indicate that they are mature, but minimally
activated, peritoneal macrophages. There was no obvious
sign of differences in shape, or in cell volume (measured by
total cell capacitance) among the macrophages from wild
type P2X71/~ or P2X3;’~ mice. Preliminary experiments
indicated (a) that responses to superfused ATP were extre-
mely variable, and usually absent; (b) that responses to
‘pufts’ of ATP were not observed unless the macrophages had
been incubated throughout their preparation in apyrase; and
(c) that a second application of ATP by ‘puff’ application
elicited an inward current that was very much smaller in
amplitude (about 20%) than the first. We have observed
similar properties of mouse P2X; receptors expressed in HEK
cells (JAS and RAN, unpublished observations), and we
presume that this reflects the profound desensitization that
is reported for other rodent P2X; receptors (Werner et al.,
1996; Rettinger and Schmalzing, 2004). For these reasons, we
restricted our ATP applications to a single 1s ejection from
the ‘puffer’ pipette, taking precautions to limit any effects of
leakage by holding the pipette tip well away from the
macrophage, and by studying only a single macrophage on
any given coverslip. We also used a sodium-based intra-
cellular solution to reduce any contribution from potassium
currents, a variety of which are found in macrophages
(Gallin, 1991; Kettenmann et al., 1993).

The rapid-rising, fast-declining inward current that we
observed in wild-type macrophages in response to ATP at
concentrations greater than 100 nM probably reflects activa-
tion of P2X; receptors. The evidence for this is (a) the current
was mimicked by afmeATP, (b) the current was blocked by
PPADS and completely blocked by NF449 and (c) this
component of the current was not observed in macrophages
for PZXI/ ~ mice. The lack of effect of suramin was initially
surprising, given the effectiveness of the closely related
molecule NF449. However, we found that suramin did not
antagonize the responses to puff application of ATP (0.1-
100 M) in HEK cells expressing the mouse P2X; receptors,
although NF449 does (JAS and RAN, unpublished observa-
tions). We note that Ikeda has recently reported that a
similar ATP-induced current in mouse megakaryocytes was
insensitive to suramin (Ikeda, 2007), although blocked by
the closely related analogue NF023.

It is possible that the slowly decaying component of the
current, which we observed in response to ATP in wild-type
cells probably results from the activation of P2X, receptors.
This conclusion is supported by the findings that (a) it was
not observed with ofmeATP, (b) it was prolonged by
ivermectin and (c) a response with similar properties was
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observed in cells from the P2X;/~ mice. The summation of
the currents in response to ATP in cells from the PZXI/ ~ mice
and cells from the P2X3’~ mice fairly closely reproduced the
currents observed in the wild type mice. In the present work,
the slower component of the ionic current was not blocked
by PPADS and nor was the current evoked by a 1s ‘puff’ of
ATP (10-100 pM) applied to HEK293 cells transfected with
mouse P2X, subunits (data not shown). On the other hand,
Townsend-Nicholson et al. (1999) and Jones et al. (2000)
both reported that PPADS inhibited mouse P2X, receptors
expressed in oocytes and HEK293 cells. It is possible that the
failure to see antagonism in the present study on account of
the non-equilibrium conditions of the very brief ATP
application: in the present study we have compared the
effectiveness of antagonists such as PPADS between macro-
phages and HEK293 cells using essentially the same experi-
mental conditions for ATP application. The marked
prolongation of the slow component would be consistent
with the contribution of P2X, subunits (Khakh et al., 1999).
We found little evidence for currents mediated by P2X;
receptors under these experimental conditions; specifically,
there was no effect of Brilliant Blue G (300nM) at a
concentration that can inhibit the response of ATP in HEK
cells transfected with mouse P2X; cDNA (JAS and RAN,
unpublished observations). Indeed, our immunocytochemical
studies in macrophages under these conditions failed to
detect P2X; protein. The most comparable studies were
made on rat (Chen et al., 2005) and mouse (Brough et al.,
2003) peritoneal macrophages, where it was concluded that
ATP-stimulated calcium influx, ethidium uptake and IL-1B
secretion by activating P2X; receptors. In that case, the
effects of ATP were blocked by PPADS (Chen et al., 2005) or
observed following LPS treatment (Brough et al., 2003).
Ivermectin does not potentiate currents mediated by (rat)
P2X; receptors (Khakh et al., 1999). The lack of any P2X,-
receptor involvement in our studies presumably reflects the
fact that the cells were minimally activated (other than by
plating onto glass coverslips).

Currents mediated by P2X,; receptors have not been
reported previously in mouse peritoneal macrophages, and
efforts to detect their mRNA have been largely negative
(Coutinho-Silva et al., 2005). However, P2X; receptors have
been described in lymphocytes (Sluyter et al., 2001; Wang
et al., 2004); indeed a partial P2X;-receptor mRNA was first
isolated from thymocytes (Owens et al., 1991). In the rat
alveolar macrophage cell line (NR8383), P2X, receptors have
been characterized by RT-PCR, immunocytochemistry and
by recording membrane currents that are robustly poten-
tiated by ivermectin (Bowler et al., 2003). The mRNA is also
abundant in human monocytes and lymphocytes (Sluyter
et al., 2001; Wang et al., 2004).

There was broad agreement between the properties
of the macrophages taken from wild type mice, and the
sum of the same properties of macrophages taken from
P2X7/~ and P2X;/~ mice (for example Figure 5¢c). However,
there were anomalies with respect to the effective concen-
trations of ATP. In particular, the small, slower current
component was elicited by lower concentrations of ATP in
the wild type mice (Figures 2 and 3) than in the P2X;’~ mice
(Figure 4). The profound desensitization observed at higher



concentrations made it difficult to estimate a ‘maximal’
current, and thus a log concentration of ATP evoking a half-
maximal current (pECsp); the concentration-response curves
should be considered qualitative rather than quantitative.
Nonetheless, given that all the other conditions of cell
preparation and drug application were the same for the
different mice, it appears that the absence P2X; subunits
renders the P2X, receptors less sensitive to ATP. Such an
interpretation assumes that the macrophages under these
conditions, express two separate populations of homomeric
P2X; and P2X, receptors. But there is evidence from
heterologous expression that P2X; and P2X, subunits can
also form heteromeric channels (Nicke et al., 2005). How-
ever, the P2X;,, heteromer that results from co-expression of
P2X; and P2X, subunits can be activated by afmeATP and
has relatively slow kinetics (Nicke et al., 2005): we did not
observe such a phenotype. An alternative explanation for the
apparent insensitivity to ATP of cell from the P2X7/~ might
be that receptors normally function in the membrane as part
of a larger complex, and that this results in non-independent
behaviour of the individual channel proteins, such as has
been reported for homomeric P2X, receptor channels (Ding
and Sachs, 2002).
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