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Abstract
A P2X1-eYFP knock-in mouse was generated to study receptor expression and mobility in smoothmuscle and blood cells. eYFP
was added to the C-terminus of the P2X1R and replaced the native P2X1R. Fluorescence corresponding to P2X1-eYFPR was
detected in urinary bladder smooth muscle, platelets and megakaryocytes. ATP-evoked currents from wild type and P2X1-eYFP
isolated urinary bladder smooth muscle cells had the same peak current amplitude and time-course showing that the eYFP
addition had no obvious effect on properties. Fluorescence recovery after photobleaching (FRAP) in bladder smooth muscle cells
demonstrated that surface P2X1Rs are mobile and their movement is reduced following cholesterol depletion. Compared to the
platelet and megakaryocyte, P2X1-eYFP fluorescence was negligible in red blood cells and the majority of smaller marrow cells.
The spatial pattern of P2X1-eYFP fluorescence in the megakaryocyte along with FRAP assessment of mobility suggested that
P2X1Rs are expressed extensively throughout the membrane invagination system of this cell type. The current study highlights
that the spatiotemporal properties of P2X1R expression can be monitored in real time in smooth muscle cells and
megakaryocytes/platelets using the eYFP knock-in mouse model.
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Introduction

ATP is co-released with classical neurotransmitters and acts at
P2X1 receptors (P2X1Rs) to mediate neurogenic contraction
of arteries, urinary bladder and the vas deferens (1–3). In
addition, extracellular ATP levels can rise in the circulation
by regulated release from blood cells or as the result of tissue
damage and activate P2X1Rs on platelets/megakaryocytes,
neutrophils, macrophages, eosinophils and mast cells (4–8).

ATP opens the P2X1R channel resulting in an inward
depolarizing current that decays during the continued pres-
ence of agonist (1–2 s) through a process called
desensitisation. Receptor mobility has been suggested to con-
tribute to the ability of a cell to respond to repeated

applications of ATP (9). In order to visualise native P2X1
receptors in real time in vivo and ex vivo within primary cells,
we have generated a P2X1-eYFP knock-in mouse. We have
used this new mouse to assess the expression, localisation and
mobility of P2X1Rs in acutely isolated smooth muscle cells,
megakaryocytes and platelets.

Materials and methods

The mouse P2X1R gene was linked in frame at the end of
exon 12 to the enhanced yellow fluorescent protein (eYFP)
via a 18 bp linker (5′-GATCCACCGGTCGCCACC-3′ corre-
sponding to the amino acid sequence DPPVAT) in order to
obtain the protein chimera P2X1-eYFP with the downstream
neomycin cassette flanked by CRE-LoxP. Embryonic stem
cells incorporating the P2X1-eYFP construct were selected
by neomycin resistance and screened by Southern blot for
correct homologous recombination of the P2X1R with
P2X1-eYFP. Mice were then generated on a C57/Bl6 back-
ground and crossed with an MF1 CRE mice to remove the
neomycin cassette (determined by PCR). Mice resulting from
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back crossing to MF1 of at least four generations were used in
this study.

Single urinary bladder smooth muscle cells were isolated
following enzymatic treatment and bathed in physiological
solution containing (in millimolar): NaCl 150, KCl 2.5,
HEPES 10, CaCl2 and MgCl2 1 (pH adjusted to 7.3 with
NaOH). Whole cell recordings were made with patch elec-
trodes filled with a solution containing (in millimolar):
Kgluconate 140, NaCl 5, HEPES 10, EGTA 9 (pH adjusted
to 7.3 with KOH) using standard patch clamp recording con-
ditions and ATP applied by U-tube as described previously
(3). Tibial and femoral marrow was prepared as described
previously (5). Blood was extracted from the vena cava into
acid citrate dextrose anticoagulant under terminal anaesthesia
in accordance with current Home Office legislation. The
blood was centrifuged for 3 min at 300×g and the upper
platelet-enriched plasma layer removed. This was diluted
1:100 into nominally Ca2+-free saline (10) for imaging.

P2X1-eYFP receptor distribution was imaged using a 60 ×
oil immersion 1.35 NA UPLSAPO objective lens on an
Olympus IX81 microscope equipped with a FV1000 confocal
laser scanning module (Olympus, UK). The dye was excited
at 515 nm and the emission bandwidth was 530–630 nm.
Receptor mobility was measured using fluorescence recovery
after photobleach (FRAP) (9) and images were collected at 2 s
intervals. After 20 baseline control images, the region of in-
terest was subjected to a 1 s photobleach using high intensity
515 nm illumination (photobleach ~ 90%). Images were then
collected for a further 260 s after photobleaching. Averaged
intensities of bleached and background regions were recorded
for each time-point. Fluorescence signals for the
photobleached area were background subtracted and the per-
centage recovery relative to the initial fluorescence calculated.

Data are plotted as mean ± SEM and unpaired t tests were
used for statistical analysis.

Results

Detection of the P2X1-eYFP knock-in

Primers that detected the P2X1-eYFP construct (and the ab-
sence of cre) were used to screen mice and select those that
were either homo- or heterozygous for P2X1-eYFP (data not
shown). Confirmation of the correct genotype was obtained
by Western blotting (Fig. 1a). For wild type (WT) mouse
bladder, a ~ 55 kDa band was detected with the anti-P2X1R
antibody generated against the C-terminus, consistent with
previous work (11). However, no band at 55 kDa was detected
for the homozygous P2X1-eYFP sample (even though there
was equivalent protein loading shown by the p44/42 MAP
kinase control) demonstrating that no WT P2X1R could be
detected (for mice that were heterozygous for P2X1-eYFP, a
55 kDa product was detected—data not shown, that supports

that the antibody can be used to detect WT receptor when the
P2X1-eYFP is also present). The lack of P2X1R in the homo-
zygous P2X1-eYFP sample is consistent with the addition of
eYFP masking the C-terminal P2X1R epitope. To confirm
P2X1-eYFP expression, we blotted the same samples with
an anti-GFP antibody. The anti-GFP antibody detected bands
at ~ 85 kDa for the P2X1-eYFP hetero- and homozygotes.
These results are consistent with the P2X1-eYFP protein (pre-
dicted molecular weight ~ 85 kDa, ~ 55 kDa for P2X1 plus ~
30 kDa for eYFP). For WT mice, no such band was detected.

Properties of P2X1-eYFP receptors in the bladder are
indistinguishable from WT P2X1Rs

Fluorescence corresponding to eYFP could be detected from
acutely dissociated bladder smooth muscle cells from P2X1-
eYFP mice but not from WT controls (Fig. 1b). The addition
of eYFP to the P2X1R carboxyl terminus had no effect on the
peak current amplitude of ATP (100 μM, a maximal concentra-
tion) evoked currents in dissociated bladder cells (5242 ± 1245
and 5475 ± 1650 pA for WT and P2X1-eYFP, respectively, n =
8,7). In addition, the time-course of current decay during the
continued application was indistinguishable between WT and
P2X1-eYFP expressing cells (Fig. 1c). These results highlight
that the eYFP has no effect on the properties of the P2X1R
consistent with previous studies adding GFP (9). They show that
the P2X1-eYFP receptor is expressed at normal levels and can be
used to track in real time the location of the receptor.

Measurement of P2X1-eYFP mobility using FRAP

The mobility of proteins at the cell membrane can be mea-
sured using FRAP. For photobleaching, a 6 μm2 circle was
selected at the surface of the bladder smooth muscle cell. This
area was then photobleached with high intensity 515 nm light
for 1 s that caused a ~ 90% decrease in fluorescence within the
selected region. There was ~ 40% recovery of fluorescence in
a 260 sec period, and this could be well fit with a single
exponent with a time constant of 114 ± 13 s (n = 14). This
recovery is ~ 2-fold slower than that reported previously for
the P2X1-GFP receptor expressed in HEK293 cells (9) and
suggests that in the native environment, there are additional
factors, e.g. native protein interactions, that slow movement.

Cholesterol depletion is known to regulate P2XRs (for re-
view, see (12)). For P2X1Rs, cholesterol depletion inhibits
currents in recombinant and native systems (11). It has been
shown that cholesterol depletion affects mobility in the mem-
brane of a range of proteins (11). We therefore tested whether
cholesterol depletion with methyl-β-cyclodextrin (1 mM for
30 mins) had an effect on the P2X1-eYFP FRAP profile to
examine whether the tagged receptor displayed similar inter-
actions with lipid rafts. Following cholesterol depletion there
was a significant reduction in the amount of recovery (Fig. 1d)

398 Purinergic Signalling (2019) 15:397–402



following photobleaching. This demonstrates that cholesterol
regulates the mobility of the P2X1R in the membrane in native
smooth muscle.

P2X1R-eYFP localisation on megakaryocytes and platelets

Fluorescence imaging also demonstrated robust expression of
P2X1-eYFPRs in platelets (Fig. 2a). The platelet-enriched
plasma preparation contained a significant number of erythro-
cytes, which in contrast to platelets displayed negligible levels
of eYFP. At high magnification, fluorescence could be ob-
served throughout the platelet, although it was not possible
to distinguish any pattern consistent with expression on the
open canalicular system in addition to the peripheral surface

membrane (Fig. 2b). The platelets were not adhered to the
glass coverslip in order to avoid contact-dependent activation,
and thus substantial cell movement prevented use of FRAP to
assess receptor mobility.

P2X1-eYFP was also strongly expressed in megakaryo-
cytes, with uniform fluorescence evident throughout the inter-
nal area with the exception of a region consistent with the
polyploidic nucleus (Fig. 2c and supplementary movie of a
z-series of 88 images). This suggests that the P2X1-eYFPR is
present throughout the surface-connected demarcation mem-
brane system (DMS) (13). Fluorescence was also detected in a
small number of smaller marrow cells. Unlike platelets, the
megakaryocytes settled on the coverslip without activation
and thus P2X1-eYFP mobility could be assessed. Following
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Fig. 1 Properties of P2X1-eYFP receptors expressed in mouse urinary
bladder. a Western blot of urinary bladder samples showing a band at ~
55 kDa for theWT P2X1R that is absent in samples from the P2X1-eYFP
+/+ mouse. In contrast the anti-GFP antibody detects a band of ~ 85 kDa
from the P2X1-eYFP +/+ mouse that is absent from the P2X1R WT.
Equivalent loading of WT and P2X1-eYFP +/+ samples is shown with
the P42/44 MAP kinase antibody. b Brightfield (left) and fluorescent
images of isolated urinary bladder smooth muscle cells from WT and
P2X1-eYFP +/+ mice. c Patch clamp recordings of ATP (100 μM, 3 s
application indicated by bar) evoked currents from WT and P2X1-eYFP

+/+ acutely dissociated smooth muscle cells (holding potential − 60 mV).
d P2X1-eYFP mobility was estimated by fluorescence recovery after
photobleaching (FRAP). Top panel shows representative images of a
peripheral area of the cell before, immediately after and 122 s after
photobleaching the region indicated by the circle. Scale bars 2 μm.
Lower panel shows mean data ± SEM of the percentage recovery of
fluorescence to pre-bleaching levels. Black traces correspond to control
conditions and red after 30 min treatment with methyl-β-cyclodextrin
(mβcd) to deplete membrane cholesterol. **p < 0.01
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a 1 s photobleach of eYFPwithin a cellular region correspond-
ing to the DMS, ≈ 33% recovery of fluorescencewas observed
after 260 s. It was not possible to sufficiently separate fluores-
cence at the megakaryocyte cell surface membrane from the
DMS. However, in smooth muscle, the recovery of internal
receptors was < 10% (i.e. less than a quarter of the value
observed for surface receptors). Presumably, this reflects the
smaller compartments within which organellar P2X1 recep-
tors are expressed compared to the surface membrane. The
recovery rate for P2X1 receptors within the extranuclear vol-
ume of the MK was closer to that observed in the plasma
membrane than in the organelles of smooth muscle and thus
provides further evidence that P2X1 receptors are expressed
throughout the DMS of the megakaryocyte.

Discussion

The present study shows that a P2X1-eYFP knock-inmouse is
viable and can be used to map the receptor expression in real

time. P2X1-eYFP fluorescence was detected in the smooth
muscle of the bladder (and arteries, data not shown) as well
as platelets and megakaryocytes. There was no obvious ex-
pression over background levels in the central nervous system.
These results are consistent with previous reports (14), and
combined with the lack of effect of eYFP addition on
P2X1R currents in the bladder smooth muscle, demonstrates
that the knock-in mouse provides a useful resource for the
real-time study of P2X1Rs in native tissues.

In the present study, FRAPmeasurements demonstrate that
P2X1Rs are highly mobile within the cell membrane in native
tissues, as previously shown for expression systems (9). Such
mobility is important since it could replace desensitised recep-
tors at an active site with “fresh” receptors from outside of the
activated region. Within smooth muscle, localised activation
of P2X1Rs following ATP release from autonomic nerves
gives rise to P2X1R-mediated transient depolarizations called
excitatory junction potentials (EJPs) (2). The EJPs facilitate to
a sustained level within seconds (2) even though individual
P2X1Rs desensitise in < 2 s and require ~ 3–5 min to recover
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Fig. 2 Expression of P2X1-eYFP
receptors in platelets and mega-
karyocytes. Images collected by
confocal microscopy from the
platelet-enriched fraction of blood
(a, b) or from dispersed marrow
cells (c). Samples are from
P2X1-eYFP mice (a, upper
images, b and c) or a wild type
control mouse (a, lower images).
The fluorescence images have
been pseudocoloured yellow.
Images in c are from a z-stack of
88 images (for full movie see the
supplementary video). Scale bars
a 5 μm, b 2 μm and c 10 μm.
Confocal thickness = 0.52 μm
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(15). This apparent paradox has previously been explained by
two factors: (1) transmitter release from individual varicosities
innervating the muscle is intermittent (16) and (2) smooth
muscle cells are electrically coupled and act as a functional
syncytium. Therefore, the EJP corresponds to the summation
of P2X1R activation at discrete sites distributed throughout
the multicellular smooth muscle. The FRAP studies reported
here within native tissue, and previously in heterologous ex-
pression systems (9), suggest that P2X1-eYFP receptor
mobility/turnover is also likely to contribute to the steady-
state neurogenic EJP in smooth muscle by providing a mech-
anism to replace P2X1Rs exposed to ATP adjacent to a nerve
varicosity.

The present work also re-confirms that P2X1Rs are
expressed in the platelet and megakaryocyte (17). The endog-
enous level of the tagged protein is sufficient to allow live cell
fluorescence imaging and thus the transgenic model provides
a tool for future in vivo studies of P2X1 receptor movements
during megakaryopoiesis, thrombopoiesis and platelet func-
tional responses. The spatial pattern of eYFP fluorescence
along with FRAP measurements suggest that the receptor is
extensively distributed throughout the DMS of the megakar-
yocyte. Super-resolution microscopy of the P2X1-eYFP
alongside a fluorescent label of the DMS (18) may also reveal
further complexities such as how the receptor is organised
during the formation of proplatelets and subsequent release
of platelets (19). This complex plasma membrane invagina-
tion system serves as a reservoir for platelet production. It is
therefore likely that the P2X1 receptor is also resident within
the platelet surface-connected open canalicular system.
Further work using super-resolution imaging of static, non-
activated platelets from the P2X1-eYFP mouse is required to
confirm this and also whether the receptor is further
compartmentalised to microdomains as previously proposed
(17). This restricted distribution may result from known inter-
actions with the cytoskeleton (20) and explain the ability of
P2X1Rs to efficiently couple to functional responses through
local activation of downstream Ca2+-dependent signalling
events (17). The P2X1-eYFPmouse also provides a novel tool
for assessing possible receptor distribution during platelet
shape change and during interactions with other blood cells,
particularly neutrophils (4). In addition to megakaryocytes,
P2X1-eYFP was also detected in a small number of small
marrow cells, although their haematopoietic subtype was not
investigated. The P2X1-eYFPmouse now provides a new tool
to examine expression of this Ca2+-permeable ion channel
within different lineages of myeloid cells and its possible con-
tribution to signalling within the complex environment of the
marrow.

In summary, the present study reports a P2X1-eYFP-
expressing mouse that has permitted the spatial distribution
of the ion channel to be studied for the first time in native
smooth muscle, megakaryocytes and platelets. This new

model will be useful for the quantification of P2X1 distribu-
tion and mobility under a range of physiological and patho-
physiological conditions both ex vivo and in vivo.

Acknowledgements We thank all members of Geneta within the Core
Biotechnology Services at the University of Leicester for assistance with
generation of the P2X1-eYFP transgenic mouse. The authors also ac-
knowledge the help and support from the staff of the Division of
Biomedical Services, Preclinical Research Facility, University of
Leicester, for technical support and the care of experimental
animals.The work was funded by the Wellcome Trust (Grant code
080487 entitled “Characterization of P2X1 receptor function, regulation
and development of molecular models of drug action at ATP gated P2X
receptors”).

Compliance with ethical standards

Conflicts of interest The authors state no conflict of interest.

Ethical approval All applicable international, national, and/or institu-
tional guidelines for the care and use of animals were followed. The study
was approved by the University of Leicester Animal Welfare and Ethical
Review Body. Animals were bred under Home Office project license
number P16D64BDE and procedural work performed under license num-
ber PBB5DD055.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

1. Burnstock G (2012) Purinergic signalling: its unpopular beginning,
its acceptance and its exciting future. Bioessays 34:218–225

2. Mulryan K, Gitterman DP, Lewis CJ, Vial C, Leckie BJ, Cobb AL,
Brown JE, Conley EC, Buell G, Pritchard CA, Evans RJ (2000)
Reduced vas deferens contraction and male infertility in mice lack-
ing P2X1 receptors. Nature 403:86–89

3. Vial C, Evans RJ (2000) P2X receptor expression in mouse urinary
bladder and the requirement of P2X1 receptors for functional P2X
receptor responses in the mouse urinary bladder smooth muscle. Br
J Pharmacol 131:1489–1495

4. Maitre B,Magnenat S, HeimV, Ravanat C, Evans RJ, de la Salle H,
Gachet C, Hechler B (2015) The P2X1 receptor is required for
neutrophil extravasation during lipopolysaccharide-induced lethal
endotoxemia in mice. J Immunol 194:739–749

5. Vial C, Rolf MG, Mahaut-Smith MP, Evans RJ (2002) A study of
P2X1 receptor function in murine megakaryocytes and human
platelets revelas synergy with P2Y receptors. Br J Pharmacol 135:
363–372

6. Wareham K, Vial C, Wykes RC, Bradding P, Seward EP (2009)
Functional evidence for the expression of P2X1, P2X4 and P2X7
receptors in human lungmast cells. Br J Pharmacol 157:1215–1224

7. Sim JA, Park CK, Oh SB, Evans RJ, North RA (2007) P2X1 and
P2X4 receptor currents in mouse macrophages. Br J Pharmacol
152:1283–1290

8. Wright A, Mahaut-Smith M, Symon F, Sylvius N, Ran S, Bafadhel
M, Muessel M, Bradding P, Wardlaw A, Vial C (2016) Impaired

Purinergic Signalling (2019) 15:397–402 401



P2X1 receptor-mediated adhesion in eosinophils from asthmatic
patients. J Immunol 196:4877–4884

9. Lalo U, Allsopp RC, Mahaut-Smith MP, Evans RJ (2010) P2X1
receptor mobility and trafficking; regulation by receptor insertion
and activation. J Neurochem 113:1177–1187

10. Rolf MG, Mahaut-Smith MP (2002) Effects of enhanced P2X1
receptor Ca2+ influx on functional responses in human platelets.
Thromb Haemost 88:495–502

11. Vial C, Evans RJ (2005) Disruption of lipid rafts inhibits P2X1
receptor-mediated currents and arterial vasoconstriction. J Biol
Chem 280:30705–30711

12. Murrell-Lagnado RD (2017) Regulation of P2X purinergic receptor
signaling by cholesterol. Curr Top Membr 80:211–232

13. Mahaut-Smith MP, Thomas D, Higham AB, Usher-Smith JA,
Hussain JF, Martinez-Pinna J, Skepper JN, Mason MJ (2003)
Properties of the demarcation membrane system in living rat mega-
karyocytes. Biophys J 84:2646–2654

14. Collo G, North RA, Kawashima E, Merlo-Pich E, Neidhart S,
Surprenant A, Buell G (1996) Cloning of P2X5 and P2X6 receptors
and the distribution and properties of an extended family of ATP-
gated ion channels. J.Neurosci. 16:2495–2507

15. Lewis CJ, Evans RJ (2000) Lack of run-down of smooth muscle
P2X receptor currents recorded with the amphotericin
permeabilised patch technique; physioloigcal and pharmacological

characterisation of the properties of mesenteric artery P2X receptor
ion channels. Br J Pharmacol 131:1659–1666

16. Cunnane TC, Manchanda R (1988) Electrophysiological analysis
of the inactivation of sympathetic transmitter in the guinea-pig vas
deferens. J.Physiol. 404:349–364

17. Mahaut-Smith MP, Taylor KA, Evans RJ (2016) Calcium
Signalling through ligand-gated ion channels such as P2X1 recep-
tors in the platelet and other non-excitable cells. Adv ExpMed Biol
898:305–329

18. Osman S, Dalmay D, Mahaut-Smith M (2018) Fluorescence ap-
proaches to image and quantify the demarcation membrane system
in living megakaryocytes. Methods Mol Biol 1812:195–215

19. Machlus KR, Italiano JE Jr (2013) The incredible journey: from
megakaryocyte development to platelet formation. J Cell Biol
201:785–796

20. Lalo U, Roberts JA, Evans RJ (2011) Identification of human P2X1
receptor-interacting proteins reveals a role of the cytoskeleton in
receptor regulation. J Biol Chem 286:30591–30599

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

402 Purinergic Signalling (2019) 15:397–402


	Development of a P2X1-eYFP receptor knock-in mouse to track receptors in real time
	Abstract
	Introduction
	Materials and methods
	Results
	Detection of the P2X1-eYFP knock-in
	Properties of P2X1-eYFP receptors in the bladder are indistinguishable from WT P2X1Rs
	Measurement of P2X1-eYFP mobility using FRAP
	P2X1R-eYFP localisation on megakaryocytes and platelets


	Discussion
	References


