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P2X1 receptors are ATP-gated ion channels expressed by
smoothmuscle andblood cells. Carboxyl-terminallyHis-FLAG-
tagged humanP2X1 receptors were stably expressed inHEK293
cells and co-purified with cytoskeletal proteins including actin.
Disruption of the actin cytoskeleton with cytochalasin D inhib-
ited P2X1 receptor currents with no effect on the time course of
the response or surface expression of the receptor. Stabilization
of the cytoskeleton with jasplakinolide had no effect on P2X1
receptor currents but decreased receptor mobility. P2X2 recep-
tor currentswere unaffected by cytochalasin, andP2X1/2 recep-
tor chimeras were used to identify the molecular basis of actin
sensitivity. These studies showed that the intracellular amino
terminus accounts for the inhibitory effects of cytoskeletal dis-
ruption similar to that shown for lipid raft/cholesterol sensitiv-
ity. Stabilization of the cytoskeleton with jasplakinolide abol-
ished the inhibitory effects of cholesterol depletion on P2X1
receptor currents, suggesting that lipid rafts may regulate the
receptor through stabilization of the cytoskeleton. These stud-
ies show that the cytoskeleton plays an important role in P2X1
receptor regulation.

P2X1 receptors for ATP are ligand-gated cation channels
formed from the trimeric assembly of subunits with two trans-
membrane regions, intracellular amino and carboxyl termini
and a large extracellular ligand binding loop (1, 2). They are
expressed predominantly on smoothmuscle and blood cells. In
smoothmuscle they contribute to sympathetic nerve-mediated
contraction of arteries (3), vas deferens (4), and parasympa-
thetic control of the urinary bladder (5). In the circulatory sys-
tem P2X1 receptors have been shown to have a role in platelet
activation (6) and the subtype selective antagonist NF449 has a
protective role in thromboembolismmodels (7). The receptors
are also expressed on mast cells (8), macrophages (9), neutro-
phils (where they are involved in migration) (10), and T cells
where they redistribute to the immune synapse on activation
(11). Regulation of P2X1 receptor responsiveness may there-
fore play an important role in the fine tuning of blood flow and
immune responses.
P2X1 receptor channels show rapid desensitization during

continued agonist applicationwith the current decayingmono-

exponentially with a time constant of �250 ms (12, 13). In the
whole cell recording mode P2X1 receptor currents do not fully
recover from desensitization and decrease in amplitude on
repeated application, a phenomenon referred to as run down
(14). In the perforated patch recording configuration (that
maintains the integrity of intracellular signaling pathways)
reproducible P2X1 receptor currents are recorded when a
5-min washout period is given between agonist applications
(13, 14). This suggests that intracellular factors that are dialyzed
out of the cell during whole cell recording contribute to regu-
lation of the receptor. Further evidence that P2X1 receptors can
be regulated by intracellular factors comes from studies show-
ing that P2X1 receptor currents are potentiated following
activation of protein kinase C (15, 16). Interestingly, the poten-
tiation of responses is not thought to result from direct phos-
phorylation of the receptor but of an interacting protein that
has a regulatory role (15). Lipid rafts provide a mechanism for
bringing together receptors and signalingmolecules (17). P2X1
receptors are localized to lipid rafts in smoothmuscle, platelets
as well as in recombinant systems, and cholesterol depletion
that disrupts the rafts inhibits P2X1 receptor responses (18–
20). Taken together, these observations indicate that the P2X1
receptor can be regulated by intracellular signaling pathways
and interacting proteins that may be localized together in lipid
rafts.
Proteomic studies have identified interacting proteins for

other P2X receptors with a focus on P2X2 and P2X7 receptors
(21–25). In this study we have expressed an epitope-tagged
P2X1 receptor inHEK293 cells, isolated the receptor, and iden-
tified associated proteins, including actin, by mass spectros-
copy. In functional studies disruption of the actin cytoskeleton
inhibited P2X1-, but not P2X2-receptor mediated responses,
and chimeric P2X1/2 receptors showed that the intracellular
amino terminus was involved. This was similar to that observed
for the inhibition of the P2X1 receptor following cholesterol
depletion, and we have now shown a link between the cytoskel-
eton and lipid rafts in receptor regulation.

MATERIALS AND METHODS

Protein Purification and Protein Complex Analysis—Human
P2X1 receptors with a carboxyl-terminal His-FLAG tag were
isolated utilizing an anti-FLAG� M2 affinity agarose gel col-
umn (Sigma). Starting material of 5- �175-cm2 flasks of either
native HEK293 or HEK293 stably expressing human P2X1His-
FLAG were lysed using buffer containing 150 mMNaCl, 40 mM

Tris-HCl (pH 7.5), 8 mM Tris, 750 mM aminocaproic acid, 1%
n-octyl glucoside, and protease inhibitor mixture (Sigma). Cell
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lysate was cleared by centrifugation (16,000� g for 15min) and
supernatant rolled overnight with 2 ml of anti-FLAG� M2
affinity agarose gel. The agarose beads were placed in a column
and flow-through collected. Beads werewashed four timeswith
50 ml of TBS and a sample collected at each wash stage. Pro-
teins were eluted with 1 ml aliquots of 0.1 mg/ml 3� FLAG
peptide followed by two 1-ml aliquots of 0.1 M glycine (pH 3.5).
Samples of fractions (10 �l) collected from each step were
Western blotted with anti-P2X1 antibody (Alomone, Jerusa-
lem, Israel) at 1:1000 dilution (as used previously) and positive
fractions pooled and concentrated usingAmiconUltra 4 30,000
MWCO centrifugal filters (Millipore). To discover proteins
withweak interactions to P2X1, some cells were treated prior to
lysis with the cell-permeable cross-linking agent dithiobis(suc-
cinimidyl propionate) (DSP,2 100 �M in PBS) applied to the
cells for 30 min and the cross-linking reaction stopped by addi-
tion of 1 MTris. PurifiedHis-FLAG-tagged human P2X1 recep-
tor and associated proteins were run on a 10% SDS-polyacryl-
amide gel and stained using InstantBlue (Expedeon, Harston,
UK). The stained bands were excised, trypsin-digested, and
analyzed usingmass spectrometry. LC-tandemMSanalysis was
carried out using either 4000 Q-Trap system or Thermo
Orbitrap (Protein Nucleic Acid Chemistry Laboratory, Univer-
sity of Leicester, UK). Postrun tandem MS ion searches were
carried out on Mascot (Matrix Science), and multiple protein
analysis carried out with Scaffold2 (Proteome Software Inc.).
Proteins were positively identified by a minimum of three pep-
tides with �95% peptide identification probability giving an
overall protein identification probability of �99%.
Cell Culture and Transfection of HEK293 Cells—Native

HEK293 cells were maintained in minimal essential medium
with Earle’s salts (with GlutaMAXTM I; Invitrogen) supple-
mented with 10% fetal bovine serum and 1% nonessential
amino acids (Invitrogen) at 37 °C in a humidified atmosphere of
5% CO2 and 95% air. A monolayer of native cells at 80–90%
confluence in a 24-well culture dish was transiently transfected
using 0.5 �g of DNA and 1 �l of Lipofectamine 2000 (Invitro-
gen) in 500 �l of serum-free Opti-MEM 1. After a 24-h incuba-
tion, cells were plated onto 13-mm no. 1 coverslips for electro-
physiological experiments and left to grow in DMEM. Cells
were subjected to experiments 24–48 h after transfection. Cells
were transfected with wild-type human P2X1-5 or 7 receptors.
P2X4 and P2X7 receptor DNAs were kindly given by Drs. F.
Rassendren (CNRS Montpellier, France) and L.-H. Jiang (Uni-
versity of Leeds, UK). For the human P2X5 receptor, a 1353-bp
DNA sequence was designed containing the full coding
sequence for human P2X5, including exon 10 as described (26,
27) with 5� HindIII and 3� EcoRI restriction enzyme sites. The
DNA fragment was codon optimized for Homo sapiens,
checked for secondary structure, synthesized (Epoch Life-
science Inc., Missouri City, TX), and cloned into a pBluescript
vector from which it was subsequently subcloned into
pcDNA3. HEK293 cells were also co-transfected with human

P2X1 andP2X5DNAs.However, we only observed small P2X1/
5-like currents (�45 pA/pF) in 2 of 17 tested cells (three differ-
ent transfections), and so the effects of actin disruption were
not tested. Chimeric P2X1/2 receptors and EGFP-tagged P2X1
receptors were as described previously (13, 18).
Isolation of Rat Tail Artery Smooth Muscle Cells—Rat tail

artery was dissected and smoothmuscle cells isolated enzymat-
ically as described previously (14). Cells were plated onto glass
coverslips and recordings made within 1–6 h of isolation.
Electrophysiological Recordings and Solutions—Whole cell

and permeabilized patch voltage clamp recordings were made
using an Axopatch 200B amplifier (Axon Instruments, Union
City, CA). Membrane currents were recorded at a holding
potential of �70 mV (corrected for tip potential). Data were
low pass-filtered at 1 kHz, digitized at a sampling interval of 200
�s, and acquired using a Digidata 1200 analog-to-digital con-
verter with pClamp 9.2 acquisition software (Axon Instru-
ments). Patch pipettes were filled with internal solution com-
posed of 140 mM potassium gluconate, 10 mM EGTA, 10 mM

HEPES, 5mMNaCl (pH 7.3, adjusted with KOH) and had resis-
tances in the range of 2–6 megohms. For perforated patch
pipette recordings amphotericin B was added to the internal
solution at a final concentration of 200 �g ml�1. The bath was
perfused continuously with extracellular solution containing
150 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 10 mM

HEPES, 10mM glucose (pH 7.3, adjustedwithNaOH). Agonists
were applied with a U-tube perfusion system. For P2X1 recep-
tors repeated applications of agonist (�,�-meATP) were sepa-
rated by 5 min to allow recovery from receptor desensitization.
P2X2–5 receptors were stimulated with 100 �MATP; for P2X7
receptors BzATP (100�M)was used, and the extracellular solu-
tion had reduced levels of divalent cations (0.3mMCaCl2, 0mM

MgCl2). In the permeabilized patch configuration experiments
drugs were added to the extracellular solution. For whole cell
experiments we used cells pretreated in drug containing solu-
tion before recordings. Control untreated cells were recorded
from every day, and comparisons between nontreated and
treated cells were made between the cells from the same batch.
All chemicals were purchased from Sigma.
Fluorescent Recovery after Photobleaching (FRAP) Mea-

surements—Confocal fluorescence measurements were made
on anOlympus invertedmicroscope with a confocal laser scan-
ning module (Olympus FluoView1000). Cells were observed
with a 60� oil immersion objective lens (UPLSAPO60XO,NA
1.35). The EGFP fluorescence was excited with a 488-nm argon
laser at low power, and emission was detected and collected
from 500 to 600 nm at a rate of 0.5 Hz. Each FRAP experiment
started with collection of 30 base-line control images of the cell
followed by 1-s photobleach of the region of interest with laser
pulse at full power to photobleach most of region of interest
fluorescence. Typically, 100 images were recorded at low laser
power after bleaching. Average fluorescence intensities of
bleached, nonbleached, and background regions were recorded
for each time point. Fluorescence signals were background-
subtracted, corrected for fading of fluorescence during the
experiment and expressed as F/Fi ratios to normalize fluores-
cence levels (F) against starting fluorescence (Fi). Fluo-

2 The abbreviations used are: DSP, dithiobis(succinimidyl propionate); EGFP,
enhanced GFP; FRAP, fluorescent recovery after photobleaching; M�-CD,
methyl-�-cyclodextrin; pA/pF, picoamperes per picofarad; �,�-meATP,
�,�-methylene ATP.
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rescence intensities of the region of interest were obtained
using FluoView software and plotted.
Cell Surface Biotinylation—HEK293 cells expressing P2X1

receptors were cultured in 6-well plates and treated with
cytochalasinD (500 nM, 1 h). Surface proteins were biotinylated
by the addition of 0.5 mg/ml sulfo-NHS-LC-biotin (sulfo-bio-
tin; Pierce) diluted in PBS (30 min at 4 °C). Excess biotin was
quenched with two 20-min (4 °C) washes with 100 mM glycine
in PBS. Cells were lysed in 300 �l of buffer H (100 mMNaCl, 20
mM Tris-Cl (pH 7.4), 1% Triton X-100, and 10 �l/ml protease
inhibitor mixture (P8340; Sigma)), incubated on ice for 20 min,
and cleared by centrifugation (4 °C at 16,000 � g for 10 min).
For isolation of biotinylated proteins, 30 �l of streptavidin-aga-
rose beads (Sigma) were added to 200 �l of supernatant and
mixed on a rolling shaker (4 °C, 3 h). The rest of the supernatant
was kept to assess total protein for each sample. Beads were
washed four times in buffer H and 30 �l of 2 � gel sample
loading buffer added. Samples were separated on 10% SDS-
polyacrylamide gels and transferred onto nitrocellulose.
Membranes were then processed with the primary anti-P2X1
receptor antibodies (1:1000; Alomone). Protein bands were
visualized using an ECL Plus kit andHyperfilmMP (Amersham
Biosciences).
Data Analysis—Data were analyzed with CLAMPFIT (Axon

Instruments) orORIGIN6.0 (Microcal Software,Northampton
MA). The kinetics of FRAP has been analyzed by fitting the
curve of fluorescence intensity with model curves with mono-
exponential rise and decay phases (13). The time constants of
recovery (�) was determined as time constant of the fast com-
ponent and optimized by the gradient method to minimize the
mean square error (28). Data in the text and graphs are shown
as means � S.E. of mean from n determinations as indicated
and analyzed either by ANOVA followed byDunnett’s multiple
comparisons test using the unpaired Student’s t test as appro-
priate, and p � 0.05 was considered significant.

RESULTS

Purification of P2X1 Receptors and Identification of Associ-
ated Proteins—A His-FLAG epitope tag was added to the car-
boxyl terminus of the humanP2X1 receptor to purify the recep-
tor stably expressed in HEK293 cells. The tag had no effect on
P2X1 receptor properties, similar to the lack of effect of addi-
tion of the much larger EGFP tag (13). An anti-FLAG affinity
agarose gel column was used to isolate the P2X1 receptor and
associated proteins. The P2X1 receptor was eluted with FLAG
peptide and fractions containing the P2X1 receptor identified
by Western blotting with an antibody directed against the
receptor carboxyl terminus (Fig. 1). These fractions were
pooled, concentrated, and run out on a gel, and proteins were
visualized. In control studies where nontransfected HEK293
cells were used no P2X1 receptor or other proteins were
detected in the elutions. Similarly when a general protein stain
was used or when sections of the gel were excised digested and
analyzed by mass spectrometry no proteins were detected. In
contrast, when the P2X1 His-FLAG stable cell line was used
and the eluate run on a gel a range of protein bands was
detected. The strongest of these was �55 kDa; this band was
excised from the gel subjected to tryptic digestion and analyzed

by mass spectrometry and shown to correspond to the P2X1
receptor protein. A number of other protein bands were also
detected followingP2X1 receptor isolation, and thesewere sub-
sequently identified and shown to contain a range of cytoskel-

FIGURE 1. Isolation of P2X1 receptors and associated proteins. A, anti-
FLAG antibody-agarose beads were incubated with lysates of either native
HEK293 cells or HEK293 cells stably expressing human P2X1 His-FLAG-tagged
receptor. The agarose bead-protein complex was loaded onto a column and
flow-through (FT) collected. Beads were washed four times and a sample of
eluate kept (washes 1– 4). 3� FLAG peptide (0.1 mg/ml) eluted 10 1-ml frac-
tions (elutions 1–10) followed by two fractions eluted with 0.1 M glycine (pH
3.5) (elutions 11 and 12). Fractions were analyzed by Western blotting and
probed with P2X1 antibody. No immunoreactivity was observed in HEK
native cell lysate fractions, but strong immunoreactivity was observed in frac-
tions E2–E8 from HEK293 cells expressing P2X1 receptor. B, fractions E2–E8
were pooled, concentrated, and run on SDS-PAGE after which the gel was
stained for the presence of proteins. Cytoskeletal proteins are listed on the
right as identified by mass spectrometery from HEK293 cells expressing P2X1
receptor lane gel slices. No proteins were identified from the HEK native
receptor lane gel slices.
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etal proteins (supplemental Table 1) including actin and tubu-
lin. P2X1-His-FLAG-expressing cells were also treatedwith the
membrane-permeant cross-linking reagentDSP. Thiswould be
expected to isolate proteins that have a less stringent interac-
tion with the receptor or are associated with P2X1 receptor
accessory proteins within a signaling complex. Following cross-
linking with DSP a number of additional cytoskeletal interact-
ing proteins were identified following P2X1 receptor isolation
(supplemental Table 1) including ezrin and annexins.
Effects of Cytoskeletal Disruption on P2X1 Receptor Currents—

The protein purification studies suggested that P2X1 receptors
interact with the actin cytoskeleton. To test whether this inter-
action is important for P2X1 receptor function cytochalasin D
was used to disrupt the actin cytoskeleton by facilitating ATP-
actin hydrolysis (29). In the permeabilized patch recording con-
figuration (to maintain the integrity of intracellular signaling
pathways) �,�-meATP (10 �M, an EC90 concentration) evoked
reproducible inward currents (mean amplitude 740 � 38 pA,
current density 105 � 6 pA/pF, n � 8) at recombinant human
P2X1 receptors expressed in HEK293 cells. Cytochalasin D (5
�M, applied acutely in the bath) reduced the peak amplitude of
currents; this effect was time-dependent and reached �80%
inhibition by 20-min application (in control conditions average
amplitude of current was 92.3 � 2.4%, n � 5, and in the pres-
ence of cytochalasin it was 9.8� 4.6%, n� 6, of initial value, p�
0.0001; Fig. 2, A and B). This inhibitory effect was not depen-
dent on repeated receptor activation because the extent of
reduction in current amplitudewas the samewhether the P2X1
receptor was stimulated every 5 min during the 20-min appli-
cation or was only stimulated at the end of the 20-min applica-
tion period (Fig. 2, A and B). Cytochalasin treatment, however,
had no effect on the time course of P2X1 receptor currents
(decay time constant for P2X1 receptor mediated currents
evoked by 10�M �,�-meATP in control 220.6� 11.7ms,n� 67
and 209.3� 28.4ms, n� 12 after treatment with cytochalasin).
Latrunculin-A (500 nM, 1-h treatment at room temperature;
Fig. 2, C and D), which prevents actin monomers repolymeriz-
ing into filaments (mechanistically different from cytochalasin
D) (30), also produced a similar reduction in peak amplitude
(73.4 � 6% decrease, n � 10, p � 0.0002).

The effects of cytoskeletal disruption were also tested on
native P2X1 receptors from acutely dissociated rat tail artery
smoothmuscle cells. �,�-meATP (10 �M) evoked desensitizing
currents from artery smooth muscle cells that were reduced by
�65% following cytochalasin treatment (n � 10, Fig. 2C,
296.1 � 34.1 pA/pF in control, 103.3 � 24.9 pA/pF after treat-
ment with cytochalasin D, p � 0.05). These results suggest that
that the cytoskeleton plays an important regulatory role on
P2X1 receptor function.
To determine whether cytochalasin treatment decreased the

expression of P2X1 receptors membrane-impermeant sulfo-
NHS LC biotin was used to label cell surface proteins selec-
tively. These were then isolated with streptavidin beads, and
Western blottingwas used to quantify surface expression levels.
The P2X1 receptor antibody detected a band of �55 kDa from
HEK293 cells stably expressing the P2X1 receptor, consistent
with the receptor running as amonomer under denaturing con-
ditions (31). Cytochalasin treatment had no effect on the sur-

face expression of P2X1 receptors (Fig. 2E), indicating that an
effect on receptor trafficking or turnover is unlikely to account
for the reduction in P2X1 receptor current amplitude in
response to cytochalasin treatment.
Stabilization of the Actin Cytoskeleton Has No Effect on P2X1

Receptor Currents—The actin cytoskeleton is dynamic and
continually undergoing ATP-dependent repolymerization.

FIGURE 2. Inhibition of P2X1 receptor-mediated currents by actin cyto-
skeleton disruption. Effects of actin cytoskeleton disruption by cytochalasin
D (Cyto) or latrunculin A (Lat) on P2X1 receptor currents were tested for
recombinant human P2X1 receptors expressed in HEK293 cells (A, C, E, and F)
and native rat smooth muscle P2X1 receptors (D). Application of cytochalasin
D (5 �M, gray symbols) in external solution reduced the amplitude of �,�-
meATP-evoked currents (10 �M, applied every 5 min) in the permeabilized
patch recording configuration (A and B). 20-min treatment with cytochalasin
D before stimulating the P2X1 receptor is shown as a star. In the whole cell
recording configuration P2X1 receptor currents in HEK293 cells or rat smooth
muscle cells treated with cytochalasin D (500 nM,1 h) or latrunculin A (500 nM,
1 h) were reduced (C–E). Surface biotinylation showed that actin cytoskeleton
disruption by cytochalasin D (500 nM,1 h) did not change either the total or
surface level of P2X1 receptors expression in HEK293 cells (F). ***, p � 0.001.
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The rundown of P2X1 receptor currents in the whole cell
recording configuration,which results in dialysis of the cell, was
partially rescued by the inclusion of 5 mM ATP in the patch
electrode recording solution (but not by inclusion of GTP or
PiP2, supplemental Figs. 1 and 2). This raised the possibility that
disruption ofATP-dependent actin polymerizationmay under-
lie P2X1 receptor current rundown as has been shown for
NMDA receptor channels (32). Stabilization of the actin cyto-
skeletonwith jasplakinolide (30 nM, 1-h treatment at room tem-
perature) had no effect on P2X1 receptor current rundown in
whole cell recordings (Fig. 3), suggesting that rundowndoes not
result from a disruption of the actin cytoskeleton. Jasplakino-
lide had no effect on the reproducibility of responses in the
permeabilized patch configuration (Fig. 3). Jasplakinolide also
reversed the effects of cytochalasin treatment (80� 4 and 51�
5% reduction in peak current amplitude for cytochalasin and
cytochalasin 	 jasplakinolide, respectively, p � 0.05). These
results show that it is not dynamic changes in actin polymeri-
zation, but an intact actin cytoskeleton that is required for nor-
mal P2X1 receptor function.
Cytoskeletal Regulation of P2X1 Receptor Mobility—FRAP

studies on EGFP-tagged P2X1 receptors have shown that the
receptors aremobile in themembrane (13). In the present study
a brief laser pulse was used to photobleach an area of the cell
surface, within 5 min P2X1-EGFP fluorescence had recovered
in this region by �75% similar to that reported previously (13)
(Fig. 4). This demonstrates that at least 75% of the receptors are
mobile and moving within a 5-min time frame. The �25%
fluorescence that does not recover most likely corresponds to
bleached receptors that do notmove out of the illuminated area
and are referred to as the immobile fraction. Disruption of the
cytoskeleton with cytochalasin D (500 nM, 1-h treatment at
room temperature) increased the recovery in fluorescence and
reduced the immobile fraction to 14.7 � 4.4% (n � 9, p � 0.05)
(Fig. 4). In contrast, stabilization of the cytoskeleton with jas-

plakinolide (30 nM, 1-h treatment at room temperature)
increased the immobile fraction to 39.3 � 2.8% (n � 20, p �
0.05) (Fig. 4). The change in the immobile fraction does not
result from a general change inmembrane fluidity andmobility
of receptors as previous studies have shown that the immobile
fraction of ionotropic nicotinic (33) or metabotropic P2Y
receptors3 are not affected by actin disruption. These results
demonstrate that the actin cytoskeleton regulates mobility of
the P2X1 receptor in the membrane.
Effects of Cytochalasin D at Other P2X Receptors—To gain an

insight into the extent of cytoskeletal regulation of the P2X
receptor family, the effects of cytochalasin D treatment (500
nM, 1-h treatment at room temperature) were determined on

3 A. Bye, R. J. Evans, and M. P. Mahaut Smith, unpublished observations.

FIGURE 3. Stabilization of the actin cytoskeleton by jasplakinolide does
not prevent the rundown of P2X1 receptor-mediated currents in the
whole cell recording configuration. In the permeabilized patch recording
configuration, which supports intracellular signaling pathways, reproducible
�,�-meATP (10 �M)-evoked currents were observed every 5 min both for con-
trol cells and cells treated with jasplakinolide (30 nM, 1 h) to stabilize the actin
cytoskeleton. In the whole cell recording configuration P2X1 receptor cur-
rents decreased in amplitude following repeated application of agonist at
5-min intervals. This rundown was unaffected by jasplakinolide treatment.

FIGURE 4. Alterations in actin cytoskeleton status lead to changes in the
fraction of immobile P2X1 receptors. A, representative snapshots and
traces of FRAP for HEK293 cells expressing P2X1-EGFP receptors in control
conditions (area bleached is shown by the circle, and numbers refer to the
time of image, and star indicates the bleach event). The time course of FRAP is
shown under control conditions and following treatment with either
cytochalasin D (Cyto, 500 nM, 1 h) or jasplakinolide (Jasp, 30 nM, 1 h). B, sum-
mary data of the immobile fraction for P2X1 receptors after stabilization of
actin cytoskeleton by jasplakinolide and after disruption of actin cytoskeleton
by cytochalasin D (n � 9 –20). *, p � 0.05.
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P2X2, 3, 4, 5, and 7 receptors transiently transfected into
HEK293 cells. ATP-evoked currents at P2X3 receptors were
reduced by� 71.7� 8.2% (n� 17) following cytochalasin treat-
ment (Fig. 5), but the time course of P2X3 receptor current
desensitization was unaffected (data not shown). In contrast,
homomeric P2X2, 4, 5, and 7 receptor currents were unaffected
following cytoskeletal disruption. The lack of effect of cytocha-
lasin on P2X7 receptor currents is consistent with previous
studies on preassembled P2X7 receptors in acinar cells (34).
These results demonstrate that regulation of P2X receptors by
the cytoskeleton is subtype-specific.
Chimeric P2X1/2 Receptors Identify the Intracellular Amino

Terminus as Important for Actin Sensitivity—We have previ-
ously generated chimeric P2X1/2 receptors to address the
molecular basis of regulation by lipid rafts, and these chimeras
(18) have been used in this study to identify regions of the
receptor important for cytoskeletal regulation. Chimeric
P2X1/2 receptors where the two transmembrane regions
(P2X1–2bd), the extracellular loop (P2X1–2c), or the intracel-
lular carboxyl terminus (P2X1–2e� and P2X1–2e�) of the
P2X1 receptor were replaced with the corresponding region
from the P2X2 receptor showed the same level of inhibition
following cytochalasin treatment (500 nM, 1-h treatment at
room temperature) as the homomeric P2X1 receptor (Fig. 6). In
contrast swapping the amino terminus of the P2X1 receptor for
that from the P2X2 receptors (P2X1/2a) produced a channel
where cytochalasin treatment actually potentiated the

responses to �156 � 12% (n � 8) of control. The reciprocal
chimera, replacing the amino terminus of the P2X1 receptor
with the corresponding region from the P2X1 receptor (P2X2/
1a), was inhibited by �32.6 � 8.4% (n � 10) by cytochalasin.
These results indicate that the intracellular amino terminus of
the P2X1 receptor is important for regulation by the actin
cytoskeleton.
Replacing either the first half of the amino terminus (P2X1/

2a�) or the second half of the amino terminus (P2X1/2a�) of
the P2X1 receptor with the corresponding region of the P2X2
receptor removed the inhibitory effect of cytochalasin, and
responses were actually potentiated (by 58%, n � 6, and 13%,
n � 5, p � 0.001) (Fig. 6C). We have previously shown that the
residues in the amino terminus (P2X1 L23C, K27C, and mut
20–23) just before the first transmembrane region are involved
in regulation of the P2X1 receptor by cholesterol (18).Wewere
interested in determining whether these mutations had an
effect on the sensitivity to cytoskeletal disruption. ATP-evoked
currents were potentiated following cytochalasin treatment for
the mutant where the four amino acids (20–23) of the P2X1
receptor were replaced with those from the P2X2 receptor
(P2X1mut 20–23). The pointmutations P2X1L23C andK27C,
which removed cholesterol sensitivity (18), were still inhibited,

FIGURE 5. Differential sensitivity of P2X receptors to actin cytoskeleton
disruption. The effect of actin cytoskeleton disruption by cytochalasin D was
tested on currents mediated by P2X2, P2X3, P2X4, P2X5, and P2X7 receptors
transiently transfected in HEK293 cells. Currents were evoked by application
of ATP (100 �M) or BzATP (100 �M in 0.3 mM CaCl2, 0 mM MgCl2 containing
solution) for the P2X7 receptor. A, representative traces of ATP-evoked cur-
rents of P2X receptors from control cells (left trace) and cells treated with
cytochalasin D (right trace) (500 nM, 1 h). B, summary of the effects of actin
cytoskeleton disruption for currents mediated by P2X2, P2X3, P2X4, P2X5,
and P2X7 receptors (n � 8 –14). ***, p � 0.001.

FIGURE 6. Identification of the regions of the P2X1 receptor that contrib-
ute to actin sensitivity. A, schematic representation of chimeric P2X1/P2X2
receptors. P2X1/2a� and P2X1–2a� chimeras constructs had residues 1–16
and 16 –31 from the P2X1 receptor swapped with those from the P2X2 recep-
tor, respectively. P2X1/2e� and P2X1/2e� chimeras constructs had residues
354 –366 and 367– 459 from the P2X1 receptor swapped with those from the
P2X2 receptor, respectively. B, summary of the effects of cytochalasin D (500
nM, 1 h) treatment on currents mediated by P2X1, P2X2, and P2X1/P2X2 chi-
meric receptors as fraction of the response to ATP in nontreated cells (n �
8 –19). C, summary of the effects of cytochalasin D (500 nM, 1 h) treatment on
currents mediated by P2X1/P2X2 chimeric receptors with modified N termi-
nus (n � 6 –19). *, p � 0.05; ***, p � 0.001.
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although to a smaller extent, by cytoskeletal disruption. These
results indicate that there is considerable overlap in the role of
the amino terminus in regulation of cholesterol and cytoskel-
etal sensitivity.
Stabilization of the Actin Cytoskeleton Abolishes Cholesterol

Sensitivity of the P2X1 Receptor—We have previously shown
that cholesterol depletion with methyl-�-cyclodextrin (M�-
CD) results in the inhibition of P2X1 receptor currents (18,
19). The role of the amino terminus in determining both
cholesterol (18) and cytoskeletal sensitivity (this study) sug-
gested that there may be some interplay between the cyto-
skeleton and cholesterol depletion in the regulation of P2X1
receptors (Fig. 7). Pretreatment with jasplakinolide to stabi-
lize the actin cytoskeleton had no effect on P2X1 receptor
currents (n � 9, p � 0.82) but removed the inhibitory effect
of subsequent cholesterol disruption with M�-CD (n � 13,
p � 0.001). These results suggest an interaction between the
actin cytoskeleton and lipid rafts in the regulation of the
P2X1 receptor.

DISCUSSION

To function effectively receptors are often found inmicrodo-
mains with other signaling molecules or regulatory proteins.
For example, the P2X1 receptor is expressed in cholesterol
enriched lipid rafts that play an important role in regulation of
the receptor (18, 19). The cytoskeleton plays a role in the orga-
nization and regulation of many receptors, including ligand
gated ion channels (35). Previous studies have identified pro-
teins interacting with P2X2 and P2X7 receptors (21–25) that
have included the cytoskeletal proteins tubulin for P2X2 and
�-actin, �-actinin as well as supervillin for the P2X7 receptor.
We have now shown that the P2X1 receptor is also associated
with a range of cytoskeletal proteins and that disruption of the
actin cytoskeleton can regulate P2X receptor function in a sub-
type-specific manner.
The inhibition of P2X1 receptor currents following cytoskel-

etal disruption could result from a decrease in agonist sensitiv-
ity, a reduction in expression of the receptors, and/or an effect
on the gating of the channel. The time course of P2X1 receptor
current desensitization is a hallmark of the agonist sensitivity of
the receptor (supplemental Fig. 3). Cytochalasin, however, had
no effect on the time course of P2X1 receptor current desensi-
tization. The lack of effect on the time course of desensitization
of both native arterial smooth muscle and recombinant P2X1
receptors is consistent with a previous report on cytochalasin
B-treated P2X1 receptors expressed inXenopus oocytes (36). In
another study it was reported that following 2–4 days of plating
HEK293 cells stably expressing P2X1 receptors changed from a
rounded to a flat phenotype. Associated with this was a consid-
erable slowing in the time course of desensitization that
reverted to the more rapid time course seen in rounded cells
following disruption of the actin cytoskeleton (37). However, it
is not clearwhether this effect was also associatedwith a change
back to the rounded phenotype and could be explained by
improved agonist access to the cell. The finding in this study
that actin disruption does not slow P2X1 receptor desensitiza-
tion (predicted for a decrease in agonist potency) demonstrates
that the reduction in current amplitude is unlikely to result
from a change in agonist sensitivity. We have also shown that
cytoskeletal disruption had no effect on the surface expression
of P2X1 receptors (Fig. 2). Taken together, these data rule out a
change in agonist sensitivity or expression levels as being
responsible for the reduction in current amplitude. Therefore,
an effect on the likelihood of the agonist-bound receptor open-
ing, i.e. channel gating, is most likely to account for the reduc-
tion in P2X1 receptor responses following cytoskeletal
disruption.
The inhibition of P2X1 receptor currents following actin

depolymerization, with either cytochalasin or latrunculin,
clearly demonstrates the importance of the cytoskeleton for
receptor function and raised the possibility that ongoing
dynamic polymerization of actin is required for receptor func-
tion. However, stabilization of the actin cytoskeleton with jas-
plakinolide had no effect on the reproducibility of P2X1 cur-
rents in the permeabilized patch configuration, demonstrating
that dynamic changes in the cytoskeleton are not required for
regulation of the P2X1 receptor, just an intact cytoskeleton.

FIGURE 7. Stabilization of actin polymerization prevents disruption of
lipid rafts that are essential for P2X1 receptors function. A, representative
traces of P2X1 receptor-mediated currents evoked by application of �,�-
meATP (10 mM) for nontreated cells and after incubation with jasplakinolide
(Jasp, 30 nM, 1 h), M�-CD (10 mM, 1 h), or jasplakinolide (30 nM) together with
M�-CD (10 mM, 1 h) followed by pretreatment with jasplakinolide (30 nM,
1 h). B, summary data of actin polymerization and disruption of lipid rafts
on P2X1 receptor-mediated currents. P2X1 receptor currents were unaf-
fected by treatment with jasplakinolide (30 nM, 1 h) which stabilizes
polymerized actin cytoskeleton (n � 9). M�-CD (10 mM, 1 h) treatment
reduced the peak amplitude of P2X1 receptor currents by �90% (n � 15).
Treatment with jasplakinolide (30 nM, 1 h) together with M�-CD (10 mM,
1 h) followed by pretreatment with jasplakinolide (30 nM, 1 h) abolished
the effect of M�-CD (n � 13). ***, p � 0.001.
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The current study shows that inclusion of ATP in the pipette
solution can rescue P2X1 receptor current rundown. Given the
contribution of the cytoskeleton to signaling microdomains,
one possibility is that the cytoskeleton plays an important role
in the maintenance of an ATP-dependent regulatory complex
around the P2X1 receptor that can modulate channel gating.
Chimeras between actin-sensitive P2X1 and -insensitive

P2X2 receptors identified the amino terminus of the P2X1
receptor to be essential for regulation by the cytoskeleton. The
reciprocal amino-terminal chimera also conferred actin sensi-
tivity on the P2X2 receptor (chimera P2X2–1a). A cluster of
amino acids close to the first transmembrane region of the
P2X1 receptor has previously been shown to be important for
regulation by protein kinase C/phorbol esters and lipid rafts
(18, 41, 42). Within this pre-TM1 region the mutant P2X1
mut20–23 removed sensitivity to both cytoskeletal disruption
(this study) and cholesterol depletion (18). It has been shown
recently that the P2X1 receptor migrates to the immune syn-
apse following T cell activation (11). Interestingly, both fila-
mentous actin and lipids congregate at the immune synapse
(43), and our work suggests that the P2X1 could be trafficked to
the immune synapse through its associationwith the actin cyto-
skeleton-rich lipid rafts.
P2X1 receptor currents were inhibited by both actin de-

polymerization and cholesterol depletion (17). However, pre-
treatment with jasplakinolide to stabilize the actin cytoskeleton
abolished the inhibitory effect of cholesterol depletion. This
suggested that either actin depolymerizationwas reducing lipid
raft association or conversely that cholesterol depletion was
interfering with the state of actin polymerization.We therefore
determined whether cytoskeletal manipulations had an effect
on the lipid raft association of the P2X1 receptor (supplemental
Fig. 4). Cholesterol depletion with M�-CD resulted in redistri-
bution of the P2X1 receptor within the density gradient con-
sistent with movement out of the lipid rafts as we have shown
previously (19). In contrast, disruption of the actin cytoskeleton
with cytochalasin had no effect on the distribution/raft associ-
ation of the P2X1 receptor (supplemental Fig, 4). These results
demonstrate that the effects of actin disruption were not medi-
ated directly by an effect on the lipid raft association of the
P2X1 receptor. Stabilization of the actin cytoskeleton with jas-
plakinolide also had no effect on the P2X1 receptor association
with lipid rafts on its own. Interestingly, jasplakinolide treat-
ment did not prevent the redistribution of the P2X1 receptor
within the density gradient in response toM�-CD (supplemental
Fig. 4). These results show that even when the raft association of
the P2X1 receptor was disrupted, stabilization of the actin cyto-
skeleton was sufficient to maintain efficient signaling through the
P2X1receptor.This suggests thatcholesteroldepletionmayhavea
predominant effect onP2X1 receptor responsiveness throughdis-
rupting interactionswith the actin cytoskeleton. This is consistent
with studieswhere cholesterol depletion leads to actindepolymer-
ization (38–40), which can be blocked by stabilization of the cyto-
skeleton with jasplakinolide (38).
In summary, we have shown that the actin cytoskeleton plays

an important role in P2X1 receptor function. The intracellular
amino terminus of the receptor is essential for this regula-
tion and also contributes to protein kinase C-mediated

potentiation of the receptor. Our results suggest that the
close association of the P2X1 receptor with the actin cyto-
skeleton contributes to a localized signaling microenviron-
ment important for regulation.
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