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Abstract Caveolae and caveolins, structural components
of caveolae, are associated with specific ion channels in
cardiac myocytes. We have previously shown that P2X
purinoceptor 7 (P2X7R), a ligand-gated ion channel, is
increased in atrial cardiomyocytes of caveolin-1 knockout
mice; however, the specific biochemical relationship of
P2X7R with caveolins in the heart is not clear. The aim of
this work was to study the presence of the P2X7R in atrial
cardiomyocytes and its biochemical relationship to cave-
olin-1 and caveolin-3. Caveolin isoforms and P2X7R were
predominantly localized in buoyant membrane fractions
(lipid rafts/caveolae) prepared from hearts using detergent-
free sucrose gradient centrifugation. Caveolin-1 knockout
mice showed normal distribution of caveolin-3 and P2X7R
to buoyant membranes indicating the importance of cave-
olin-3 to formation of caveolae. Using clear native-PAGE,
we showed that caveolin-1, -3 and P2X7R contribute to the
same protein complex in the membranes of murine
cardiomyocytes and in the immortal cardiomyocyte cell
line HL-1. Western blot analysis revealed increased cave-
olin-1 and -3 proteins in tissue homogenates of P2X7R
knockout mice. Finally, tissue homogenates of atrial tissues
from caveolin-3 knockout mice showed elevated mRNA
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for P2X7R in atria. The colocalization of caveolins with
P2X7R in a biochemical complex and compensated
upregulation of P2X7R or caveolins in the absence of any
component of the complex suggests P2X7R and caveolins
may serve an important regulatory control point for disease
pathology in the heart.
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Introduction

Caveolae are small membrane invaginations, enriched in
lipids, that participate in membrane trafficking, sorting,
transport and signal transduction (Parton and Simons 2007).
Caveolins are believed to play a role in the formation of the
caveolae membranes, acting as scaffolding proteins organiz-
ing and concentrating caveolin-interacting proteins and lipids
in caveolar microdomains (Razani and Lisanti 2001). Cur-
rently, three different caveolin isoforms are known: caveolin-
1 (Cav-1), caveolin-2 (Cav-2) and caveolin-3 (Cav-3).
Caveolins are proteins of 21-24 kDa, they form high molec-
ular mass homooligomers. Structurally, they all have N-ter-
minal and C-terminal hydrophilic segments and a long central
transmembrane domain. They are a family of integral mem-
brane proteins which are the principal components of caveolar
membranes (Razani et al. 2002). Cav-3 was identified as a
muscle-specific form of the caveolin family (Galbiati et al.
2001). Cav-3 is found in both cardiac and skeletal muscles, as
well as smooth muscle cells. In skeletal muscle, Cav-3 is
localized to the sarcolemma, coinciding with dystrophin
(Lapidos et al. 2004). It was further demonstrated that Cav-1
and Cav-3 are coexpressed in mouse and rat cardiac myocytes
of the atria but not ventricles (Volonte et al. 2008).
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Both Cav-1 and Cav-3 knockout mice (cav-1 = cav-
37'7) have been shown to develop cardiomyopathy and
hypertrophy, thus indicating an important role for both
caveolins in cardiac physiology. Cav-1 plays a critical role
in cardiac protective signaling (Patel et al. 2007) and its
scaffolding domain can inhibit matrix metalloproteinase 2
(MMP-2) activity (Cho et al. 2010). Cav-3 directly inter-
acts with neuronal nitric oxide synthase (nNOS), the NOS
isoform expressed in skeletal muscle, and binding results in
the loss of NOS activity (Venema et al. 1997). Volonte
et al. (2008) demonstrated that Cav-1 and Cav-3 were part
of the same protein complex suggesting that both caveolin
isoforms form heterooligomeric complexes in atrial cardiac
myocytes.

We have previously shown in the mouse heart that
P2X7R is expressed in atrial cardiomyocytes and in
microvascular endothelial cells (Barth et al. 2010b).
P2X7R is a 595-amino acid polypeptide with two mem-
brane-spanning domains and intracellular N- and C-termi-
nal domains. P2X7R is the only pore-forming P2X family
member, and its activation results in the opening of a
cationic channel with increased permeability to calcium
and intracellular depolarization (Faria et al. 2005). Grow-
ing evidence indicates that the P2X7R is present in lipid
rafts (Garcia-Marcos et al. 2006; Schwab et al. 2007,
Vacca et al. 2004) and that the integrity of caveolae is
important for proper ion channel function.

Some cardiac ion channels have been specifically
localized to caveolae such as the ATP-sensitive Katp
channel (Garg et al. 2009a), the SCN5A-encoded voltage-
gated Na™ channel (hNa,1.5), the voltage-dependent K™
channel (K,1.5), the sodium-calcium exchanger and the
L-type Ca*" channel (Balijepalli et al. 2006; Bossuyt et al.
2002; Lin et al. 2009). In addition, a variety of other sig-
naling molecules and receptors have been found in cave-
olae of cardiac cells, including the f3,-adrenergic receptor
and associated proteins of the G protein/adenylyl cyclase/
protein kinase A pathway (Barbuti et al. 2007). Therefore,
caveolae can serve both to compartmentalize and to regu-
late ion channel function and cell signaling factors that
contribute to ion channel function.

This study is the first attempt to biochemically demon-
strates the presence of Cav-1, -3 and P2X7R in a protein
complex within lipid rafts of atrial cardiomyocytes in vivo
and in vitro.

Materials and methods
Animals

The P2X7R knockout mouse (P2rx7~'~) was generated as
reported by Solle et al. (2001). Knockout mice were
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purchased from Pfizer Pharmaceuticals (B6.129P2-
P2rx7"™%/1y Caveolin-1 knockout mice (cav-1~"") were
a kindly gift of R. H. Strasser, Department of Medicine and
Cardiology, Medical Clinic, Dresden, Germany. Cav-17"~
and P2rx7"~ mice were bred and housed in the Medical
Faculty “Carl Gustav Carus” Animal Care Facility, Dres-
den. All animals were allowed free access to standard
mouse chow and water during the whole experimental
period. For experiments 3-month old, female knockout
mice, respective age-matched wild-type littermates, were
used. All procedures performed were in accordance with
the Technical University Dresden Animal Care and Use
Committee Guidelines.

Cav-3 knockout mice (cav3™") were originally
obtained from Japan and data are from colony maintained
in the laboratory of H. H. Patel, University of California,
San Diego (Hagiwara et al. 2000).

Cell line and cell culture

The atrial cardiomyocyte cell line HL-1 was kindly pro-
vided by W. C. Claycomb (Louisiana State University
Health Sciences Center, New Orleans, LA, USA). Clay-
comb medium was obtained from Sigma-Aldrich
(St. Louis, MO, USA). The following media supplements
were used: 10 % (v/v) fetal bovine serum (PAN Biotech
GmbH, Aidenbach, DE), 2 mM L-glutamine (Biochrom
AG Seromed, Berlin, DE), 0.1 mM norepinephrine
(Sigma-Aldrich). Before use, norepinephrine was made up
in 30 mM ascorbic acid (Sigma-Aldrich). Trypsin/EDTA
was also purchased from Biochrom AG Seromed. HL-1
cardiomyocytes (passage 48—60) were maintained in cell
culture flasks pre-coated with 0.00125 % (v/v) fibronectin
(Sigma-Aldrich) and 0.02 % (v/v) gelatine (Biochrom AG
Seromed). They were grown at 37 °C in a 5 % CO,
atmosphere and passaged continuously. Experiments were
initiated at approximately 80 % confluency.

HS5V cells, which were derived from murine embryonic
heart endothelium, were a generous gift from A. Vecchi,
Instituto Mario Negri, Milan, IT (Garlanda et al. 1994).
H5V cell line was grown in 90 % DMEM and 10 % FBS.

Western blot analysis

The western blot analysis was performed as previously
described (Schwab et al. 2007). The following antibodies
were used: monoclonal mouse anti-Cav-1 (clone 2297,
dilution 1:500 v/v; BD Biosciences, Pharmingen, San Jose,
CA, USA), monoclonal mouse anti-Cav-3 (clone 26, dilu-
tion 1:1,000 v/v; BD Biosciences), polyclonal rabbit
anti-P2X7R (clone #APR-004, dilution 1:500 v/v; Sigma-
Aldrich), polyclonal rabbit anti-protein disulfide isomerase
(PDI; clone 1D3, dilution 1:1,000 v/v; StressGen
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Biotechnologies Corp., Victoria, CA), polyclonal rabbit
anti-ff-coatomer protein (3-Cop; clone maD, dilution 1:500
v/v; Sigma-Aldrich), monoclonal mouse anti-flotillin-1
(clone 18, dilution 1:1,000 v/v; BD Biosciences) and
monoclonal mouse anti-y-tubulin (clone GTU-88, dilution
1:1,000 v/v; Sigma-Aldrich).

Deglycosylation of membrane proteins

Native membrane extracts were prepared using the Prote-
oExtract® Native Membrane Protein Extraction Kit (Cal-
biochem, San Diego, CA, USA) following the protocol of
the manufacturer. Using the N-Glycosidase F Deglycosy-
lation Kit (Roche Diagnostics GmbH, Mannheim, DE)
13.5 pg of native membrane extracts were treated appro-
priate to the instructions of the producer.

Preparation of detergent insoluble membrane fractions

The preparation of detergent insoluble membrane fractions
was performed as previously described using 1% Brij35
(Barth et al. 2010a).

Immunocytochemistry of tissue samples

For double immunofluorescence staining, total murine
hearts were fixed in 4 % buffered formalin for 5 h at room
temperature, washed, dehydrated and embedded in paraf-
fin. Sections of 5 um were cut and mounted on silane-
coated glass slides. The sections were dewaxed and
irradiated with microwaves in 0.01 M sodium citrate buffer
(pH 6.0), 2 x 5 min at 850 W. After washing in PBS, the
sections were treated with 0.3 % hydrogen peroxide for
30 min. Subsequently, the following primary antibodies
were appropriated: monoclonal mouse anti-Cav-1 (clone
2297, dilution 1:20 v/v; BD Biosciences), monoclonal
mouse anti-Cav-2 (clone 65, dilution 1:20 v/v; BD Bio-
sciences), monoclonal mouse anti-Cav-3 (clone 26, dilu-
tion 1:40 v/v; BD Biosciences; the specificity of this
antibody was additionally tested on cav-3" tissues, Fig.
6b), polyclonal rabbit anti-P2X7R (clone #APR-004,
dilution 1:40 v/v; Sigma-Aldrich) and polyclonal rabbit
anti-podocalyxin C-term peptide (dilution 1:800 v/v; M.
Farquar, University of California, San Diego, CA, USA).
Goat anti-mouse IgG conjugated to fluorescein isothiocy-
anate (FITC; dilution 1:100 v/v; dianova, Hamburg, DE)
was used to demonstrate Cav-1, Cav-1 or Cav-3, while goat
anti-rabbit IgG conjugated to Texas Red (dilution 1:200
v/v; dianova) was used to demonstrate P2X7R or pod-
ocalyxin immunoreactivity. Finally, sections were mounted
in PBS-glycerol (1:9) containing 2.5 % v/v 1,4-diazabicy-
clo (2.2.2) octane (DABCO; Sigma, Germany) to prevent

fading. For controls, the sections were solely incubated
with the secondary antibody. Immunostaining of tissue
sections was examined with a system microscope (Olym-
pus BX60, Olympus optical Co., Ltd, Tokyo, Japan).
Immunoperoxidase staining of mouse heart samples has
been described earlier (Barth et al. 2010b).

High-resolution clear native-PAGE (hrCN-PAGE-3)

hrCN-PAGE-3 was performed as previously described
(Weinhold et al. 2010). The following conditions were
modified: the lysis buffer contained 50 mM NacCl,
100 mM bis—tris, 5 mM 6-aminohexanoic acid and 4 %
digitonin. The anode buffer was made of 50 mM bis—tris/
HCI (pH 7.0), whereas the cathode buffer was composed
of 50 mM tricine, 15 mM bis—tris, 0.05 % (w/v)
sodium deoxycholate and 0.01 % (w/v) n-dodecyl-f-p-
maltoside.

Quantitative PCR for P2X7R

RNA was isolated from the atria of wild-type and cav-3~"~
mice using the fibrous tissue RNeasy kit (Qiagen, Valencia
CA). Complementary DNA (cDNA) was synthesized using
the iScript cDNA synthesis kit (Biorad, Hercules CA). The
gPCR was performed with Sybrgreen PCR master mix
(Biorad, Hercules CA) on a CFX 96 Real Time System
thermocycler (Biorad, Hercules CA). The qPCR program
was set at an initial 3 min 95 °C followed by 40 cycles of
10 s 95 °C, and 30 s 67 °C. Each reaction was loaded with
100 ng of cDNA, and mRNA expression was normalized
to GAPDH. The qPCR primers were as follows: P2X7R
forward 5'-ATCCACTTCCCCGGCCACAA-3', P2X7R
reverse 5'-CCTCCAGTGCCGAAAACCAGG-3', GAPDH
forward 5'-AACTTTGGCATTGTGGAAGG-3', GAPDH
reverse 5'-ACACATTGGGGGTAGGAACA-3'. Both sets
of primers are intron spanning and PCR products were
assessed by real time PCR melt curve analysis and running
of products on gels but were not verified by sequencing.
The PCR product sizes are as follows: P2X7R (391 bp) and
GAPDH (222 bp).

Statistical analysis

Data are presented as mean & SD. One-way analysis of
variance (ANOVA) was used throughout. When signifi-
cance was achieved, it was followed by post hoc Bonfer-
roni test. Statistical analysis was performed using
GraphPad Prism 5.03 (GraphPad, SanDiego, CA, USA)
and significance was accepted at *p < 0.05, **p < 0.01
and ***p < 0.001. We accomplished a minimal three
independent experiments.
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Results

Immunohistochemistry of atrial samples of mouse
hearts from wild-type and cav-1~"" animals

As shown in Fig. 1 using double immunofluorescence
experiments with the endothelial marker podocalyxin,
atrial cardiomyocytes express membrane localized Cav-1
and Cav-3 but not Cav-2. Accordingly, microvascular
endothelial cells coexpress Cav-1 and podocalyxin
(Fig. la—c) as well as Cav-2 and podocalyxin (Fig. 1d-f).
The comparison of the wild-type with the cav-1~"" animals
for the expression of P2X7R (Fig. 22/1, 2/2) showed an
increase of P2X7R immunoreactivity in atrial cardiomyocytes
(Fig. 22/1 b, e). Note the colocalization of P2X7R with Cav-1
in the microvascular endothelial cells of the wild-type sections
(Fig. 22/1 c). Similarly, Cav-2 colocalizes with the endothe-
lial cells but not with the cardiomyocytes in wild-type atrial
tissue (not shown). There is also a lack of Cav-2 immunore-
activity in the entire tissue of cav-1""" animals (not shown)
suggestive of earlier published observations suggesting a
Golgi processing defect for Cav-2 with Cav-1 deficiency.
Figure 22/2 demonstrates that P2X7R colocalizes with Cav-3
in cardiomyocytes of both wild-type and cav-1~"" animals,
whereas endothelial cells were lonely P2X7R positive.

Podocalyxin Podocalyxin

Merged

Fig. 1 Paraffin sections of mouse heart atrial tissue (wild-type).
a-i Double label immunofluorescence using anti-caveolin-1, -2 and -3
specific antibodies (FITC-coupled secondary antibodies) and blood
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P2X7R is localized in lipid rafts of cardiac tissues

Well-recognized biochemical characteristic of proteins
localized in lipid rafts is the low buoyant density in sucrose
gradient centrifugation. We tested P2X7R for these char-
acteristics to determine whether the receptor is localized in
lipid rafts of heart cell membranes.

We isolated raft-like membranes using a detergent-free
method (consisting of fine disruption of the membrane by
sonication followed by sucrose density gradient centrifu-
gation) (Fig. 3a, b). These fractions were analyzed with
Cav-1, Cav-3, flotillin-1 and the intracellular markers
p-Cop and PDI. A significant proportion of P2X7R was
detected in the low-density fractions together with Cav-1
(Fig. 3a), but more amounts of P2X7R were also found in
the high-density fractions along with f-Cop and PDI. The
detection of P2X7R in the lipid raft fractions indicated that
P2X7R partially colocalized with lipid rafts. Cav-3 was
detected in both fractions, the lower density fractions (3—7)
and in the heavier fractions (7-13). Head et al. (2005) and
Garg et al. (2009b) reported previously that Cav-3 is
detected in both sarcolemmal and cytoplasmic fractions of
cardiomyocytes. We also applied the detergent-free sucrose
gradient centrifugation to determine whether Cav-3 and
P2X7R are present in lipid rafts of heart cell membranes of

Podocalyxin

vessel marker anti-podocalyxin (Texas Red-coupled secondary anti-
body). Note the presence of Cav-1 and -3 in atrial cardiomyocytes as
well as of Cav-1 and -2 in blood vessel endothelial cells. Bar 80 um
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2/1

Cav=1/P2X7R

Cav-1/P2X7R

Fig. 2 Paraffin sections of mouse heart atria (a—¢ WT; d—f cav-1 )
2/1 a—f Double label immunofluorescence for cav-1 (FITC) and
P2X7R (Texas Red). The P2X7R is present in endothelial cells and in
cardiomyocytes. Note the higher immunoreactivity for P2X7R in
cardiomyocytes of cav-1~'~ cardiac tissue. Bar 80 pm 2/2 a—f Double
label immunofluorescence for Cav-3 (FITC) and P2X7R (Texas Red).

the cav-1~"" mice. Figure 3b shows a western blot analysis
of 13 fractions collected from top to bottom of the sucrose
density gradient. The marker proteins for caveolae, cave-
olin-3 and flotillin-1 were found predominantly in the
lower density fractions 1 to 6 (Fig. 3b). In the same frac-
tions, we detected the P2X7R. These results showed that
the absence of Cav-1 had no effect on the localization of
P2X7R and Cav-3 in lipid rafts.

Cav-1, Cav-3 and P2X7R contribute to the same protein
complex in the plasma membrane of murine
cardiomyocytes

In order to investigate the molecular organization of native
P2X7 receptor complexes, digitonin lysates were prepared
from murine hearts, separated by clear native (hrCN)-
PAGE, and analyzed by western blotting with P2X7R and
caveolin-specific antibodies.

In line with previous data, according to which trimeric
P2X receptors have the tendency to form higher-order

2/2

The P2X7R is present in endothelial cells and in cardiomyocytes.
Note the increased expression of Cav-3 in cardiomyocytes of cav-
17/~ cardiac tissue. 2/3 Control experiment demonstrates that the
immunoreactivity of the anti P2X7R antibody is abolished in atrial
cardiomyocytes of the corresponding knockout tissue. Bar 80 pm

complexes (Boumechache et al. 2009; Dubyak 2007; Nicke
2008), we identified a band of P2X7R at approximately
560 kDa (Fig. 3c). For P2X7R, several interacting proteins
(including Cav-1) have been identified. Therefore, the
presence of Cav-1 and Cav-3 in the P2X7R complexes was
investigated by probing the western blots with Cav-1 and
Cav-3 antibodies. The analysis revealed an identical sep-
aration profile as observed for P2X7R. These data suggest
that the proteins may be constituents of the same 560 kDa
complex. Cav-1 and Cav-3 are known to form heterooli-
gomeric complexes in atrial cardiac myocytes (Volonte
et al. 2008), which may comigrate with the P2X7R com-
plexes. Our results indicate that the ~560 kDa complex
harbors concomitantly P2X7R, Cav-3 and Cav-1.

P2rx77"" animals show increased Cav-1 and Cav-3
expression levels

For determination of the amount of Cav-3 proteins, tissue
homogenates of atrium from wild-type and P2rx7”~ mice
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Fig. 3 a—c Characterization of membrane fractions prepared by
sonication (a) or by Brij35 (b) in cell homogenates of cardiac tissue
from wild-type and cav-1~"" mice. The cardiac tissue was homog-
enized in a buffer containing 500 mM Na,CO; (pH 11) and raft and
non-raft membranes were prepared by sonication followed by
centrifugation in a discontinuous sucrose gradient. Futhermore,
cardiac tissue was homogenized in a buffer containing 1 % Brij35
and subjected to sucrose density gradient centrifugation. Thirteen
fractions were collected (fraction 1, top of the gradient; fraction 13,
bottom of the gradient), and an aliquot of each fraction (20 pl) was
resolved by SDS-PAGE and subjected to western blot analysis with

were prepared and subjected to western blot analysis
(Fig. 4). The Cav-1 protein content in the atrium of
P2rx77~ mice demonstrated an increase of about 30 % in
the atrium in comparison to the wild-type. The Cav-3
protein content in the atrium of the P2rx7”~ mice was also
increased in comparison to the wild-type.

Presence of the P2X7 receptor and its modification
in the atrial cardiomyocyte cell line HL-1

First, we tested the expression of Cav-1, Cav-3 and P2X7R
in the immortal atrial cardiomyocyte cell line HL-1 in
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antibodies against Cav-1, Cav-3, P2X7R, flotillin-1, -Cop and PDIL
As expected, Cav-1, Cav-3 and flotillin-1 were enriched in fractions
3-6 (wild-type) or I-5 (cav-1~""), representing caveolae-enriched
membrane fractions. Representative data from three separate exper-
iments are shown. ¢ Supramolecular organization of P2X7R, Cav-1
and Cav-3. Native membrane extracts from cardiac tissue from wild-
type mice were isolated and solubilized with digitonin. Proteins were
separated by hrCN-PAGE/SDS-PAGE, blotted and probed with
antibodies against P2X7R, Cav-1 and Cav-3. Sizes of the molecular
mass standards are indicated

comparison to the heart microvascular endothelial cell line
H5V using western blot analysis (Fig. 5a). Cav-1, but not
Cav-3 was found in H5V endothelial cell line as expected,
whereas Cav-3 was the dominant caveolin isotype in the
cardiomyocyte cell line HL-1. P2X7R was found in both
cell lines.

Further, we detected two major bands of 80 and 56 kDa
by western blot analysis using anti-P2X7R antibodies
directed against the extreme C-terminus (aa 576-595) in
HL-1 cell membrane extracts (Fig. 5b). The 80 kDa band
was consistent with the pattern previously described for
mouse P2X7R (Li et al. 2005; Young et al. 2007) and
N-glycosidase F treatment resulted in a decrease in the
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protein content
[% of wildtype]

Fig. 4 Western blot analysis of mouse atrial tissues. For determina-
tion of the amount of Cav-1, Cav-3 and P2X7R, cell homogenates of
atrium from wild-type and P2rx7”~ mice were prepared and subjected
to western blot analysis. 50 pg of protein from each sample was
loaded on the gel. Western blot analysis was performed using rabbit

WT p2rx77/
Cav-1 -‘ 22 kDa
Cav-3 W | 18 kDa
y-Tub | ee— — 3 kDo

anti-P2X7R antibody (dilution 1:500), rabbit anti-Cav-1 antibody
(dilution 1:500), mouse anti-Cav-3 antibody (dilution 1:500) and anti-
y-tubulin antibody (1:1,000). y-tubulin served as a loading control.
Representative data from five separate experiments are shown

>
A Q@“ & B .
Deglycosylation
Cavl E 22kDba 12h  24h
. — +— 80 kDa
Nonglycosylated ] B e | c8KDa
P2X7R I:I 80 kDa — D <G < <— 56 kDa
C Brij3s D
1 2 3 4 5 6 7 8 9 10 11 12 13 Clear-native PAGE
| — . | Cav-1 = g = g
] (=] [=]
[ — | Cav-3 E g g 5
[—— —_— P2X7R @ A
. =} - !
———— Flotillin @ P2X7R (80 kDa)
—— =] f-Cop P2X7R (56 kDa)
— PDI _— Cav-3 (18 kDa)
T Cav-1 (21, 24 kDa)
560
kDa

Fig. 5 Biochemical analysis of immortal cell lines. a Analysis of
Cav-1, Cav-3 and P2X7R expression in H5V and HL-1 cells. Cav-1,
Cav-3 and P2X7R expression was measured in cell lysates of HSV
and HL-1 cells by SDS-PAGE and western blot analysis. 50 pug of
protein from each sample was loaded on the gel. Western blot
analysis was performed using rabbit anti-P2X7R, anti-Cav-1, anti-
Cav-3 and anti-y-tubulin antibody. y-tubulin served as a loading
control (not shown). Representative data from three separate exper-
iments are shown. b P2X7 receptors are glycosylated in HL-1 cells.
Membranes were incubated in the presence of N-glycosidase F for 12
and 24 h and compared with nontreated membranes (—). Full
deglycosylation of the 80 kDa band was indicated by a reduction in
molecular mass of approximately 12 to 68 kDa. The mass of the
56 kDa band was unaffected by deglycosylation. Representative data
from three separate experiments are shown. ¢ Characterization of

molecular mass of the 80 kDa band to approximately
68 kDa, consistent with the calculated molecular mass of
non-glycosylated P2X7R (Fig. 5b). The 56 kDa band was
unchanged by N-glycosidase F treatment, and its molecular

membrane fractions prepared by Brij35 from HL-1 cells. HL-1 cells
were homogenized in a buffer containing 1 % Brij35 and subjected to
sucrose density gradient centrifugation. Thirteen fractions were
collected and an aliquot of each fraction (20 ul) was resolved by
SDS-PAGE and subjected to western blot analysis with antibodies
against Cav-1, Cav-3, P2X7R, PDI, f-Cop and flotillin-1. As
expected, Cav-1, Cav-3 and flotillin-1 were enriched in fractions
3-7, representing caveolae-enriched membrane fractions. Represen-
tative data from three separate experiments are shown. d Supramo-
lecular organization of P2X7R, Cav-1 and Cav-3 in HL-1 cells.
Native membrane extracts from HL1-cells were isolated and solubi-
lized with digitonin. Proteins were separated by hrCN-PAGE/SDS-
PAGE, blotted and probed with antibodies against P2X7R, Cav-1 and
Cav-3. Sizes of the molecular mass standards are indicated

mass was too low to represent non-glycosylated full-length
P2X7R, raising the possibility that it might be a non-spe-
cific band. However, immunoreactivity to both the 80 and
56 kDa bands was abolished following pre-incubation with
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the antibody control peptide (not shown), implying that the
56 kDa band shares at least a portion of the epitope
recognised by the C-terminal P2X7R antibody.

Isolation of lipid rafts and localization of the P2X7R in
vitro

A main characteristic of lipid rafts is low buoyant density
in sucrose gradient centrifugation. We isolated raft-like
membranes from HL-1 cells using Brij35 treatment at 4 °C
(Fig. 5¢). When rafts were prepared using Brij35 followed
by sucrose density gradient centrifugation, only a small
portion of P2X7R protein was detected in the caveolin-1-
and flotillin-1-containing low-density raft fractions
(Fig. 5c, lanes 4-7), and was faintly detected in the non-
raft fractions (Fig. Sc, lanes 8—13). P2X7R protein was also
detected in the high-density fractions from the Brij35 iso-
lation method, along with markers for Golgi apparatus and
endoplasmic reticulum (-COP and PDI). The detection of
P2X7R in the lipid raft fractions of HL-1 cells indicated
that P2X7R partially colocalizes with lipid rafts.

Detection of native P2X receptor complex
in the plasma membrane of HL-1 cells

In order to investigate the molecular organization of native
P2X7 receptor complexes, digitonin lysates were prepared
from cell membranes of mouse HL-1 cells, separated by
high-resolution clear native (hrCN)-PAGE, and analyzed
by western blotting with P2X-specific antibodies.

In line with previous data, according to which trimeric
P2X receptors have the tendency to form higher-order
complexes (Nicke 2008), we identified a band of the
P2X7R at approximately 560 kDa (Fig. 5d). The presence
of Cav-1 and Cav-3 in the P2X7R complexes was inves-
tigated by probing the western blots with Cav-1 and Cav-3
antibodies. The analysis revealed an identical separation
profile as observed for P2X7R. These data suggest that
Cav-1 and Cav-3 may be constituents of the same 560 kDa
complexes (data not shown). Comigration of the two P2XR
receptors and Cav-1 in native gels was confirmed by a
second dimension SDS-PAGE (Fig. 5d). Our results indi-
cate that the ~560 kDa complex harbors concomitantly
P2X7R, Cav-1 and Cav-3 and this data are consistent with
that presented from atrial tissue.

Cav-3~'~ animals show elevated levels of P2X7R
mRNA

We observed a greater than twofold increase in P2X7R
mRNA expression in atrial tissue of cav-3~'~ compared to
wild-type mice. The normalized cycle threshold values are
normalized to GAPDH with lower values indicative of
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higher expression (Fig. 6a). Immunohistochemical inves-
tigations, however, showed no remarkable differences in
the immunoreactivity for Cav-1 but a weak increase of
P2X7R immunoreactivity in the atrial cardiomyocytes
(Fig. 6b).

Discussion

It was recently shown by Volonte et al. (2008) that Cav-1
and Cav-3 were part of the same protein complex in atrial
cardiac myocytes. In the present investigation, we dem-
onstrated by hrCN-PAGE and immunocytochemical
experiments an additional presence of P2X7R in a complex
with Cav-1 and Cav-3 in atrial cardiomyocytes in vivo and
in vitro.

Whereas Cav-3 is the major caveolin family member
expressed in cardiac myocytes of the mouse and rat heart
ventricles, in some mouse strains Cav-1 also seems to play
a role in ventricular cardiomyocytes (for discussion of this
matter see also (Cho et al. 2007; Volonte et al. 2008), atrial
cardiomyocytes strongly express both Cav-1 and Cav-3 in
substantial amounts (Volonte et al. 2008).

In previous studies using lung epithelial cells, we found
that a part of P2X7R is organized in the same complex with
Cav-1 in lipid rafts (Barth et al. 2008). Here, we found that
the P2X7R is localized in caveolin-enriched membrane
fractions of immortal cardiomyocyte cell line HL-1 and
that it was associated and/or colocalized with Cav-3. The
functional implication of this interaction is not yet clear. It
is possible that the subcellular localization of the P2X7R to
caveolin-enriched microdomains on the plasma membrane
of cardiac myocytes is essential for the activation or reg-
ulation of the receptor.

Information about the distribution and role of purinergic
receptors in the cardiomyocytes is rare [for a recent review,
see (Musa et al. 2009)]. Activation of P2X receptors, ATP-
gated cationic channels, modulates intracellular Ca®"
transients and contractility in cardiomyocytes (Shen et al.
2006, 2007). Extracellular ATP is released from ischemic
and hypoxic myocytes. P2Y receptors, which are coupled
to G proteins, have been shown to mobilize intracellular
Ca®" stores or decrease intracellular AMP levels with all
physiological consequences for the heart (Musa et al.
2009).

Cardiac Cav-3 has been shown to be involved in spatial
regulation and localization of various ion channels such as
CaV3.2 T-type Ca’" channels (Markandeya et al. 2011),
cardiac K(ATP) channel (Garg et al. 2009a; Sun and Hu
2010), hyperpolarization-activated cyclic nucleotide-gated
channel (HCN) 4 (Ye et al. 2008), and also associates with
sodium channels (Lin et al. 2009). Some of them are also
ATP-dependent (Alvarez et al. 1990; Matsuura and Ehara
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Fig. 6 Protein and mRNA
measurements in cav-3~'" mice.
a P2X7R quantitative mRNA
expression in atrial tissue was
assessed. Cycle threshold (Ct)
values were normalized to
GAPDH expression. Lower Ct
value equates to higher mRNA
expression.
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1997). Cav-3 is further required for organizing the signal-
ing complexes which trigger protein kinase A-dependent
phosphorylation of proteins that regulate intracellular cal-
cium in ventricular myocyte (Nichols et al. 2010).

Cav-3 knockout mice develop a progressive cardio-
myopathic phenotype with dissociation of alpha sarcogly-
can, a member of the dystrophin-glycoprotein complex,
from lipid rafts and hyperactivation of the p42/44 MAPK
cascade (Woodman et al. 2002).

When we checked cardiac tissues from cav-3~'" ani-
mals for the cellular and biochemical distribution of Cav-1
and P2X7R in their atrial cardiomyocytes, increased
amounts of P2X7R mRNA were found. Interestingly,
P2rx7” animals showed elevated levels of Cav-1 and Cav-3.
To underline evidence for a functional Cav-1/Cav-3/
P2X7R complex, as shown in vitro by high-resolution clear
native (hrCN)-PAGE, Cav-1~'" cardiomyocytes had ele-
vated levels of P2X7R and Cav-3. It is plausible to suggest
that loss of any component may drive the compensated

P2rx7

upregulation of other components of the complex. Such
interconnected relationship suggests that the complex may
serve an important homeostatic or regulator function in the
heart that needs compensation.

Inflammation is a key component in cardiovascular
disease. Controlling inflammatory events and their sub-
sequent processes holds the potential for novel therapeutic
treatment options. Cytokines are the propagators of
inflammation. Kahlenberg et al. (2005) have shown that
stimulation of the P2X7R is able to induce the acceleration
of caspase-1 activation. We found also an increased
expression of caspase 1 and IL1-f in the atrium of cardiac
myocytes (Barth, unpublished observations). Caspase-1 is a
member of the proinflammatory family of caspases and
(Bauernfeind et al. 2010) was discovered through its pro-
teolytic activation of pro-IL-1f and -18 into their active
form. It was shown by Merkle et al. (2007) that caspase-1
acts as a potent proapoptotic caspase in isolated cardio-
myocytes. A recent study suggests that caveolins may be
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binding partners for intracellular localized-activated casp-
ases (Sharma et al. 2011). The link between caveolins and
P2X7R in regulating inflammation in the heart is not clear
but may pose an important avenue for future investigations.

In conclusion, we show that Cav-1, Cav-3, and P2X7R form
a complex in atrial membranes and in HL-1 cardiac myocytes
cultures. The Cav-1/Cav-3/P2X7R complex appears to be
enriched predominantly in buoyant caveolar fractions in vivo
and in vitro. The Cav-1/Cav-3/P2X7R complex also appears to
be transcriptionally regulated dependent on the protein
expression of the various complex partners suggesting a novel
unrecognized control point for potential regulation of atrial
cardiac myocyte function. Further biochemical and functional
elucidation of the Cav-1/Cav-3/P2X7R complex has likely
implications for cardiovascular pathology.
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