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Abstract

Background—Heart failure (HF), despite continuing progress, remains a leading cause of 

mortality and morbidity. P2X4 receptors (P2X4R) have emerged as potentially important 

molecules in regulating cardiac function and as potential targets for HF therapy. Transgenic 

P2X4R overexpression can protect against HF, but this does not explain the role of native cardiac 

P2X4R. Our goal is to define the physiological role of endogenous cardiac myocyte P2X4R under 

basal conditions and during HF induced by myocardial infarction or pressure overload.

Methods and Results—Mice established with conditional cardiac-specific P2X4R knockout 

were subjected to left anterior descending coronary artery ligation–induced postinfarct or 

transverse aorta constriction–induced pressure overload HF. Knockout cardiac myocytes did not 

show P2X4R by immunoblotting or by any response to the P2X4R-specific allosteric enhancer 

ivermectin. Knockout hearts showed normal basal cardiac function but depressed contractile 

performance in postinfarct and pressure overload models of HF by in vivo echocardiography and 

ex vivo isolated working heart parameters. P2X4R coimmunoprecipitated and colocalized with 

nitric oxide synthase 3 (eNOS) in wild-type cardiac myocytes. Mice with cardiac-specific P2X4R 

overexpression had increased S-nitrosylation, cyclic GMP, NO formation, and were protected 

from postinfarct and pressure overload HF. Inhibitor of eNOS, L-N5-(1-iminoethyl)ornithine 

hydrochloride, blocked the salutary effect of cardiac P2X4R overexpression in postinfarct and 

pressure overload HF as did eNOS knockout.

Conclusions—This study establishes a new protective role for endogenous cardiac myocyte 

P2X4R in HF and is the first to demonstrate a physical interaction between the myocyte receptor 

and eNOS, a mediator of HF protection.
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Adenosine (P1) and P2Y12 receptors are known targets for cardiovascular disease. 

Increasingly, these receptors are understood to communicate via purinergic signaling,1,2 

with evidence that extracellular ATP acting via its P2 purinergic receptors mediates a 

growing number of biological functions.3–5 In adult ventricular myocytes from healthy wild-

type (WT) mice, agonist 2-methylthioadenosine-5′-triphosphate (2-mesATP) causes an 

increase in a nonselective cation current partially insensitive to antagonism by suramin and 

pyridoxalphosphate-6-azophenyl-2′,4′-disulphonic acid, characteristic of P2X4 receptors 

(P2X4R).6 This current’s reversal potential is similar to the cloned P2X4R.6 Interestingly, 

mice with cardiac-specific P2X4R overexpression exhibit a modest increase in basal cardiac 

contraction without cardiac hypertrophy or failure as they age.7 These mice are protected 

from heart failure (HF) with improved cardiac function and survival in postinfarct and 

calsequestrin overexpression–induced HF.8,9 This effect has also been described in the 

myocardium of other mammals, including humans.10 Although transgenic mice studies 

suggest that cardiac P2X4R is important, the high level (>20-fold) of receptor expression 

makes these mice unsuitable to address the physiological role of P2X4R. No direct evidence 

points to a role for the receptor in health or disease. Although cardiac transgenic 

overexpression of P2X4R is capable of protecting against dilated postinfarct and 

calsequestrin HF, nothing is known about the function of endogenous cardiac myocyte 

P2X4R under basal condition or during HF. To study this question, we created a tamoxifen-

responsive Cre-mediated knockout (KO) of P2X4R in cardiac myocytes. KO mice showed a 

worse HF phenotype after left left anterior descending coronary artery (LAD) ligation or 

pressure overload by transverse aorta constriction (TAC) compared with WT mice. To study 

the underlying protective mechanism, endothelial nitric oxide synthase (eNOS) was 

coimmunoprecipitated and colocalized with eNOS in cardiac myocytes from both WT and 

P2X4R-overexpressing transgenic hearts. Pharmacological inhibition of eNOS or eNOS KO 

blocked the salutary effect of P2X4R overexpression in transgenic mice subjected to 

postinfarction and pressure overload HF. PX4R-overexpressing transgenic hearts showed 

enhanced eNOS activation, with higher levels of S-nitrosylation and cyclic GMP as well as 

increased NO formation by agonist. The present study elucidates a new physiological 

function of endogenous cardiac myocyte P2X4R and demonstrates for the first time the 

mechanism by which the receptor interacts physically with eNOS in exerting its salutary 

effect.

Methods

Mice

The University of Connecticut Health Center Animal Care Committee, in compliance with 

Animal Welfare Assurance, approved all mice-handling procedures.

P2X4 gene targeting and production of targeted embryonic stem cells were performed as 

described.11 loxP sites were inserted in introns 1 and 4, and homozygous P2X4floxed/floxed 
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mice were obtained as described (see Methods in the Data Supplement). Homozygous 

P2X4floxed/floxed mice were then bred with transgenic mice (Myh6-cre/Esr1*; Jax stock no. 

005650 in BL6 background), and offspring tamoxifen treatment12 was performed to delete 

cardiac P2X4R. Jackson Laboratory supplied NOS3 or eNOS KO mice (B6.129P2-

Nos3tm1Unc/J) in C57BL/6J background.

Isolation and Measurement of Contraction Shortening of Adult Mouse Cardiac Ventricular 
Myocytes

Ventricular myocytes were obtained from 3-month-old P2X4R transgenic, KO, or respective 

WT mice as described previously.6,7 Contraction shortening was elicited by field stimulation 

at 0.5 Hz and was measured by a video edge-detector device (Crescent Electronics, Sandy, 

UT) as previously described.13 Five traces were averaged, and amplitude parameters were 

analyzed with Clampfit 9.0. The amplitude of contraction shortening was expressed as a 

percentage of resting cell length.

LAD Ligation, TAC, Isolated Working Heart, and Echocardiography

Permanent LAD ligation was performed as previously described.8 Cardiac function by 

echocardiography was studied at 7, 30, and 90 days after ligation. Ex vivo working heart 

preparation was then performed 90 days after ligation. For TAC, constriction was created by 

placing a 27-gauge needle in transverse aorta between innominate and left carotid arteries as 

described.14,15 A ligature of 7-0 Ethilon nylon suture was tied around the needle and the 

aorta, after which the needle was removed. The increase in pressure proximal to the 

constriction was confirmed by an increased Doppler jet velocity across the aortic banding 

site16 and by directly measuring right and left carotid artery blood pressure difference.16 

After euthanasia, the integrity of the banding was confirmed by inspection of the surgical 

constriction and by visualization of differences in the caliber of the right and left carotid 

arteries. At 3 weeks, we observed moderate left ventricular (LV) hypertrophy with a reduced 

cardiac fractional shortening (FS) but no overt HF or arrhythmias. All groups of mice had 

similar pressure gradients across the aortic banding (data not shown). In studying the effect 

of TAC on cardiac function in P2X4R KO mice, we focused on early phase (2 and 7 days 

after banding) because of the early manifestation of adverse effects of TAC.

Cardiac function was determined by echocardiography in vivo8 and by isolated working 

heart preparation ex vivo.17 Mice were euthanized and, when relevant, infarct size was 

determined as previously described.8

Immunoprecipitation, Immunoblotting, Immunohistochemistry, and Histology

Immunoprecipitation was performed as described.18 Histological staining, immunoblotting, 

and immunohistochemistry were performed as described in Methods in the Data 

Supplement.

Determination of NO Production, Cyclic GMP, and Protein S-Nitrosylation Levels

Cardiac myocyte NO production19 and intact heart cyclic GMP and S-nitrosylation levels 

were determined as described in Methods in the Data Supplement.
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Statistics

Statistical differences were assessed by 2-tailed Mann–Whitney test, Student t test, 1-way 

ANOVA followed by Newman–Keuls comparison or repeated-measures ANOVA. The 

Kolmogorov–Smirnov test was used to test for equality of intensity distributions for biotin 

switch confocal data. We considered P values <0.05 statistically significant. Standard errors 

were shown.

Materials

Primary immunoblotting antibodies used included mouse monoclonal eNOS (BD 

Bioscience; 1:1000 dilution) and rabbit polyclonal P2X4 (Alomone Laboratories; 1:1000 

dilution). For immunoprecipitation, we used mouse monoclonal eNOS (BD Bioscience; 1–3 

μg) and rabbit polyclonal P2X4 (Alomone; 2 μg). L-N5-(1-iminoethyl) ornithine 

hydrochloride (L-NIO; Sigma-Aldrich) was administered via intraperitonel route at 40 

mg/kg per day20 beginning at 3 days before coronary ligation or TAC until cardiac function 

determinations at 7 days postsurgery.

Results

Cardiac Myocyte–Specific KO of P2X4R and Cardiac Function Under Basal Condition and 
During Ischemic HF

Conditional Cre-loxP–mediated KO resulted in an absence of P2X4R by immunoblotting 

(Figure 1, inset). Cardiac myocytes from KO hearts have similar basal contraction 

shortening amplitude (expressed percent resting cell length; 4.509±0.419%; n=8) as WT 

cardiac myocytes (4.465±0.450%; n=15) and similar cell length and width (Tables 1 to 3). 

WT mice were nonfloxed but were Myh6Tg, similarly treated with tamoxifen. Consistent 

with KO of P2X4R, KO ventricular myocytes could not mount increased contraction in 

response to the P2X4-specific allosteric enhancer ivermectin (Figure 1A–1C). The KO mice 

showed apparently normal basal cardiac function by echocardiography in vivo and by 

isolated working heart parameters ex vivo (Tables 1 to 3). Trichrome, picosirius red, and 

hematoxylin staining demonstrated apparently normal cardiac histological features at 

baseline (data not shown).

To study the pathophysiologic role of endogenous cardiac myocyte P2X4R, we examined 

the cardiac function in KO mice during postinfarct HF. Compared with WT control mice, 

KO mice showed a reduced +dP/dt, −dP/dt, LV developed pressure, and FS at 90 days after 

LAD ligation (Figure 2A–2D). In the working heart preparation, KO hearts showed a lower 

aortic forward flow (5.71±0.25 mL/min; n=39 mice) compared with control hearts 

(6.50±0.21 mL/min; n=21; P=0.049). Sham-operated KO mice showed similar function in 

+dP/dt, −dP/dt, LV developed pressure, and FS as nonoperated KO mice (not shown). 

Sham-operated WT and KO mice had similar cardiac functions, which were significantly 

better than those in ligated WT or KO mice (Figure 2). The infarct size was similar in both 

KO (34.2±1.8; n=16) and control (38.4±2.3; n=11; P=0.15) hearts. Ninety days after 

infarction, they did not differ in LV thickness or heart weight/body weight ratio (not shown), 

although KO hearts seem more dilated (LV internal dimension at systole trended greater in 

KOs at 3.21±0.11 mm; n=20, versus controls at 2.91±0.12; n=11; P=0.11). The impaired 
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cardiac FS in KO mice was apparent as early as 7 days after LAD ligation (Figure IA in the 

Data Supplement). At 30 days after infarction, FS was also more reduced in KO than in 

control mice (Figure IB in the Data Supplement). These data are the first to show that the 

endogenous cardiac myocyte P2X4R plays a protective role in maintaining cardiac function 

during ischemic HF.

Role of Cardiac Myocyte P2X4R During Pressure Overload–Induced HF

The absence of myocyte P2X4R resulted in a more severe phenotype. Compared with WT 

controls, KO mice subjected to TAC showed impaired +dP/dt and −dP/dt after 7 days 

(Figure 3A and 3B). KO mice also showed reduction in echocardiography-derived FS during 

this early phase of pressure overload (Figure 3C). KO animals also exhibited a 

concomitantly greater degree of adverse remodeling with an increased end-systolic 

dimension early (2 and 7 days) after aortic banding (Figure II in the Data Supplement and 

Figure 3D, respectively). We observed no statistically significant difference of LV thickness 

in KO hearts compared with controls after banding (not shown) although the overall heart 

weight/body weight was greater in KO (10.17±0.44; n=10) versus control (8.45±0.29; n=5; 

P=0.019). Sham-operated KO mice showed similar function in +dP/dt, −dP/dt, LV 

developed pressure, and FS as nonoperated KO mice (not shown). Sham-operated WT and 

KO mice had similar cardiac functions, which were significantly better than those in banded 

KO mice. WT mice with banding did not show a decrease in cardiac function compared with 

sham-operated mice in the ex vivo working heart model (Figure 3A and 3B), although there 

was a slightly reduced FS by echocardiography (Figure 3C). At this early time after banding, 

KO but not WT hearts began to show dilatation with an increase in LV internal dimension at 

systole (Figure 3D).

To further study the protective role and mechanism of cardiac myocyte P2X4R, we 

investigated the effect of myocyte P2X4R overexpression in pressure overload HF. 

Transgenic mice with cardiac-specific P2X4R overexpression showed greater levels of 

+dP/dt, −dP/dt, LV developed pressure, and FS compared with WT control mice at 3 weeks 

after TAC (Figure IIIA–IIID in the Data Supplement). After TAC, P2X4R transgenic mice 

also showed less remodeling with smaller LV dimensions at both systole (Figure IIIE in the 

Data Supplement) and diastole (not shown) compared with nontransgenic WT mice. The 

protected phenotype of P2X4 transgenic mice was evident early during pressure overload. 

Seven days after TAC, cardiac FS (Figure IVA in the Data Supplement) was enhanced, and 

the LV chamber became less dilated (Figure IVB in the Data Supplement). There was also 

less fibrosis in the P2X4 transgenic than in WT hearts after TAC (Figure IVC and IVD in 

the Data Supplement).

Role of eNOS in Protection From Postinfarction HF

Because P2X4R can increase calcium, we hypothesized that P2X4R can interact with and 

activate the calcium-dependent eNOS. Data summarized in Figure 4 show that P2X4R is 

present in eNOS immunoprecipitates obtained from cardiac myocytes of both WT (Figure 

4A) and P2X4R transgenic (Figure 4B) hearts. P2X4R coimmunoprecipitates with eNOS in 

both WT and P2X4 transgenic cardiac myocytes. The absence of P2X4R in 
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immunocomplexes captured using an IgG-matched control antibody demonstrates the 

specificity of this physical interaction.

To further support the association between P2X4R and eNOS, we immunostained P2X4 

transgenic cardiac myocytes. Both proteins showed a sarcolemmal staining pattern, in 

addition to diffuse cellular staining (Figure 4C). When plotted as staining intensity versus 

distance, the 2 proteins colocalized over a specific region in the myocyte (Figure 4C, inset 

with the line plot). P2X4R and eNOS colocalized in the merged staining. Both proteins also 

showed sarcolemmal staining in WT myocytes, although P2X4R staining was considerably 

fainter (Figure V in the Data Supplement), likely reflecting the low level of endogenous 

expression. Despite this, we observed colocalization with eNOS at the sarcolemma.

To examine the functional consequence of P2X4R–eNOS interaction, we found that 

myocardial S-nitrosylation levels are greater in P2X4R-overexpressing transgenic hearts 

than in WT hearts (Figure 5A), consistent with a higher level of stimulation of P2X4R–

eNOS–NO in the transgenic heart. This concept was further supported by a higher cyclic 

GMP level in transgenic (2.56±0.24 fmol/mg; n=13) than in non-transgenic WT (1.86±0.12 

fmol/mg; n=8; P=0.027) hearts. Agonist2-meSATP increased the fluorescence of NO-

sensitive indicator 4-amino-5-methylamino-2,7-difluorofluorescein diacetate (DAF-FM DA) 

over vehicle in transgenic cardiomyocytes (Figure 5B). Fluorescence at each time point 

normalized to baseline was higher in myocytes exposed to 2-meSATP (30 μmol/L; n=43 

cells) than in vehicle-treated myocytes (n=33 cells; P=0.008–0.027; Mann–Whitney). After 

10 minutes, intensities with agonist normalized to those with vehicle were 109.3±2.6%. The 

increased eNOS function in P2X4R-overexpressing transgenic mice was not due to an 

upregulation of eNOS because eNOS protein levels did not change in transgenic (32 

087±7508; mean and SEM of intensity normalized to glyceraldehyde-3-phosphate 

dehydrogenase by ImageJ; n=5) versus WT (41 923±5433; n=5; P=0.42) hearts (Figure VI 

in the Data Supplement). In studying the function of eNOS as a mediator of P2X4R 

protection, we sought to inhibit eNOS in transgenic mice during HF. Cardiac transgenic 

P2X4R overexpression caused a higher cardiac FS after infarction in these mice compared 

with nontransgenic WT animals.8 We confirmed this finding in data summarized in Figure 

6A. Daily injection with L-NIO, used to demonstrate eNOS function in vivo,20 abrogated 

the improved cardiac FS of P2X4R transgenic mice during ischemic HF (Figure 6A). L-NIO 

treatment also blocked improved +dP/dt in these transgenic mice after infarction (vehicle: 

7552±180.5 mm Hg/sec; n=10 versus L-NIO: 6764±167.0 mm Hg/sec; n=16; P=0.005).

To further confirm eNOS’s role in protecting myocyte P2X4R, eNOS KO was bred in 

transgenic mice with cardiac P2X4R overexpression (P2X4 transgenic/eNOS KO). KO of 

eNOS abrogated the protected phenotype conferred by the P2X4 transgenic genotype in 

postinfarction HF. Both improved +dP/dt (Figure 6B) and FS (Figure 6C) in P2X4 

transgenic mice during HF were lost in P2X4 transgenic/eNOS KO mice. We further studied 

the role of eNOS in mediating the protective effect of P2X4R overexpression in TAC-

subjected P2X4R transgenic mice. L-NIO blocked FS increase in these animals (Figure 6D). 

KO of eNOS in transgenic animals also abrogated the improved FS in these transgenic mice 

after TAC (Figure 6E). The data provided functional evidence for P2X4R–eNOS interaction 

and a key role of eNOS as a mediator of cardiac P2X4 protection in HF.
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Discussion

Cell surface purinergic receptors were originally postulated as ATP-responsive P2 or 

adenosine-responsive P1 receptors in causing nonadrenergic, noncholinergic relaxation of 

gut smooth muscle.21 Cloning these receptors has allowed classification into metabotropic 

(P2Y) and ionotropic (P2X) receptor subfamilies.3 Both P1 and P2 purinergic receptors have 

several important physiological and pathophysiologic roles.4 In adult murine ventricular 

myocytes, P2X agonist 2-mesATP induced a nonselective cation current with reversal 

potential similar to that of the cloned P2X4R.6 The P2X4R is selectively potentiated by 

ivermectin and is an important subunit of the endogenous P2X receptor in cardiac myocytes. 

Although transgenic mice with cardiac-specific overexpression of human P2X4R are 

protected from ischemic HF induced by LAD ligation and from a genetic model of dilated 

cardiomyopathy from the overexpression of calsequestrin, the 20-fold receptor 

overexpression is artifactual and nonphysiological. The biological role of endogenous 

myocyte P2X4R was previously unknown. Although the activation of cardiac P2X receptors 

has been shown to elicit a cyclic AMP–independent increase in cardiac contractile 

function,13 the mechanism by which these ligand-gated channels protect against HF was 

also unknown. Using conditional cardiac-specific P2X4R KO and overexpressing mice in 

various models of HF, we determined a physiological role of this receptor channel and 

demonstrated eNOS as a physically interacting effector in cardioprotection.

Cardiac Myocyte–Specific KO of P2X4R Showed Normal Basal Cardiac Performance But 
Depressed Function During HF

Intact cardiac function of P2X4R KO animals was similar to WT control (P2X4floxed/floxed /

Myh6 negative) by both in vivo echocardiography-derived functional measures and by ex 

vivo working heart contractile parameters. The equal loading in a working heart preparation 

provided a controlled condition to compare contractile performance, complementing the 

echocardiography measures. KO cardiac ventricular myocytes have similar resting cell 

length, width, and contraction shortening as controls. KO myocytes did not show P2X4R by 

immunoblotting or by any response to ivermectin, consistent with its absence in KO hearts. 

KO hearts were similar to control hearts without any evidence for fibrosis or overt 

pathology. Thus, cardiac-specific P2X4R KO hearts have normal phenotypes without any 

hypertrophy, fibrosis, or cardiac myocyte dysfunction. However, when we induced ischemic 

HF by LAD ligation or pressure overloading by TAC, KO animals showed depressed 

cardiac function both in vivo and ex vivo. In both types of HF, cardiac function was reduced 

at the onset of HF and remained depressed as HF progressed. In the pressure overload 

model, P2X4 KO mice showed a greater heart weight/ body weight ratio, confirming a 

pathophysiological relevance for the depressed cardiac function. Consistent with cardiac 

P2X4R protective ability, transgenic overexpression resulted in improved cardiac function in 

both pressure overload (Figures III and IV in the Data Supplement) and ischemic models of 

HF.8

P2X4R Interacts With eNOS

P2X4R coimmunoprecipitates with eNOS in isolated cardiac myocytes in both P2X4R-

overexpressing transgenic and WT animals. That P2X4R is colocalized with a population, 
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the sarcolemmal eNOS in the P2X4 transgenic cardiac myocyte further supports an 

interaction of the 2 proteins. The low level of P2X4R immunostaining in WT cardiac 

myocytes precludes concluding their colocalization in WT myocytes. However, both P2X4R 

and eNOS showed a similar sarcolemmal appearance in WT cardiac myocytes. Together, the 

coimmunoprecipitation and colocalization studies support a protein–protein interaction 

between P2X4R and eNOS. Because P2X4R-overexpressing transgenic hearts were 

protected from HF, direct measurement of NO production was made in transgenic cardiac 

myocytes after 2-meSATP stimulation. NO levels, as measured by DAF-FM fluorescence, 

were increased by the P2X agonist. Furthermore, the levels of S-nitrosylated proteins and 

cGMP were higher in transgenic than in WT hearts, consistent with a greater stimulation of 

endogenous NO by the overexpressed P2X4R in transgenic hearts. These findings 

demonstrate functional evidence for the activation of cardiac P2X4R–eNOS. This activation 

apparently occurs even as the expression of eNOS in cardiac myocytes is relatively low.22 

The data provided a proof of principle for eNOS activation. In murine cardiac myocytes, a 

modest increase in DAF fluorescence by nitrone had a functional significant impact in 

reversing contractile dysfunction.19 Our data showed a similar degree of increase in DAF 

fluorescence after P2X agonist stimulation, and this degree of NO formation may have 

contributed to its HF protection. In considering another aspect of eNOS activation, phospho-

eNOS Ser1177/ total eNOS was not different in P2X4R-overexpressing transgenic versus 

WT hearts. Phosphorylation of Ser1177 increases its catalytic activity, representing a 

mechanism of eNOS activation different from that achieved by calmodulin binding.23 We 

postulated that the mechanism of eNOS activation by P2X4R is from Ca2+ increase and 

subsequent calmodulin binding and may not involve Ser1177 phosphorylation. In 

endothelial cells where eNOS is more abundant, P2X4R has also been implicated to 

stimulate eNOS.24 In the endothelium, the interaction between P2X4R and eNOS remains 

unstudied; whether inhibiting eNOS could abrogate the vascular P2X4R function is not 

clear. To understand the significance of P2X4R–eNOS interaction in HF protection, we 

undertook additional studies.

eNOS Mediates the Cardioprotective Effect of Cardiac P2X4R

If interaction of eNOS with cardiac P2X4R is important in mediating the receptor’s 

protective effect, one would expect that the inhibition of eNOS could block cardiac P2X4R 

protective effect, and we indeed found this. Either pharmacological inhibition of eNOS by 

L-NIO or genetic KO of eNOS abrogated the HF protective effect of cardiac P2X4R 

overexpression. Cardiac P2X4R overexpression protected from both ischemic and pressure 

overload forms of HF. The cardioprotective effect of eNOS in ischemia/reperfusion injury 

and in postinfarct HF has been demonstrated in eNOS-overexpressing transgenic 

animals.25–27 Upregulating eNOS by H2S has also been shown to protect against pressure 

overload HF.28 Although eNOS overexpression or upregulation is cardioprotective, eNOS 

KO has been reported to increase, decrease, or cause no change in ischemia/reperfusion 

injury.25 The reason for this variable finding may have to do with the presence or absence of 

a compensatory upregulation of inducible NOS in some of the eNOS KO mice.25 The UNC 

eNOS−/−, mice from Jackson Laboratory, were shown to have an upregulated iNOS. In the 

present study, the eNOS KO mice obtained from Jackson Laboratory did not show a more 

severe HF phenotype after infarction, consistent with their compensated phenotype. 
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Nonetheless, protection provided by the P2X4R–eNOS interaction in the P2X4 transgenic 

hearts was abrogated by KO of eNOS.

We interpret the data from L-NIO and eNOS KO mice with caution. Although L-NIO is 

specific for eNOS, it may have other actions that secondarily affect remodeling after 

pressure overload or infarction as a consequence of its inhibition of eNOS in the 

endothelium, inducing hypertension and vasoconstriction. The eNOS KO animals exhibit 

mild hypertension and LV hypertrophy that could in turn confound the salutary effect of 

cardiac myocyte–specific P2X4R overexpression. A more severe and worse HF could 

potentially result from pressure overload in eNOS KO animals, which in turn could abrogate 

the salutary effect of cardiac P2X4R overexpression. However, when the same eNOS KO 

mice as used here were subjected to abdominal aortic banding, they did not show LV 

dilatation when compared with the WT control.29 In fact, ejection fraction was greater in 

eNOS KO than in WT mice after abdominal banding. This apparent protection against 

abdominal banding may be because of the compensatory upregulaton of iNOS. However, in 

postinfarct hearts, eNOS KO was not protective because the cardiac function was similarly 

depressed in both eNOS KO and WT mice (Figure 6C).

That L-NIO or KO of eNOS blocked the salutary effect of cardiac P2X4 transgenic mice 

supports a cardioprotective role for eNOS. That L-NIO or KO of eNOS could block the 

P2X4 effect in both postinfarct and post-TAC HF models suggests eNOS as an important 

mediator of the cardioprotective effect of P2X4R.

The present data are consistent with previously reported protection by eNOS via T-type 

calcium channel in pressure overload HF.20 Although eNOS is cardioprotective, the 

downstream effectors mediating eNOS activity are unknown. Possible candidates include 

cyclic GMP and protein kinase G or cellular protein nitrosylation.5,30 Our study also has 

implications for the development of P2X4R antagonist as a new therapy to treat pain.31 

Because the endogenous cardiac myocyte P2X4R is cardioprotective, its antagonism during 

pain control may be deleterious to those individuals under cardiac stress, including HF. 

Although the role of P2X4R in other tissues such as endothelium and monocytes awaits 

characterization in tissue-specific KO, cardiac-specific activation of eNOS may be more 

cardioprotective compared with an increased activity of global systemic eNOS.27 Overall, 

the existence of a physical P2X4R–eNOS interaction is new and its functional significance 

in HF protection suggests a novel sarcolemmal receptor–enzyme pathway in the heart. A 

small molecule stimulating this sarcolemmal pathway would represent a new therapy for 

both ischemic and pressure overloaded HF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVE

Despite continuing progress, heart failure (HF) remains a leading cause of mortality and 

morbidity. P2X4 receptors (P2X4R) are ligand-gated ion channels and have emerged as 

potentially important molecules in regulating cardiac function. We provided evidence for 

this receptor as a potential new target for HF therapy. Conditional knockout (KO) of this 

receptor in cardiac myocytes revealed a previously unknown function of the receptor. 

Mice with cardiac KO of P2X4R showed a more severe HF phenotype in both postinfarct 

and pressure overload models. The data suggest a new protective role of the native 

cardiac myocyte channel in HF. As a proof of principle for developing the P2X4R as a 

new therapy, we showed that mice with cardiac-specific overexpression of the receptor 

were protected from both pressure overload and postinfarct HF. The mechanism of 

protection was because of a local production of nitric oxide (NO) arising from a physical 

interaction between P2X4R and endothelial NO synthase within the cardiomyocyte. The 

myocyte-intrinsic formation of NO may offer several advantages over NO derived 

externally from its donor. For example, elevation of this protective molecule in 

presumably key domain with physical proximity to downstream effector(s) may increase 

the efficacy of NO. The direct physical interaction of the receptor with the enzyme may 

also make NO synthase less susceptible to uncoupling during oxidative stress in HF. A 

strategic localization of the receptor–enzyme pair within the myocyte may ultimately 

render both more effective in cardioprotection. Increased expression of cardiac P2X4R 

by gene therapy or stimulation of the receptor by a small-molecule agonist may become a 

new therapeutic approach to patients with HF.
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Figure 1. 
Characterization of heart functions in cardiac-specific knockout (KO) of P2X4 receptors 

(P2X4R). A, Homozygous P2X4floxed/floxed mice were bred with transgenic mice (Myh6-cre/

Esr1*) to generate tamoxifen-inducible cardiac myocyte–specific P2X4R KO. Cardiac 

ventricular myocytes from control (nonfloxed Myh6-cre/Esr1*) mice (15 cells from 10 

mice) showed an increase in contraction shortening in response to P2X agonist 2-

methylthioadenosine-5′-triphosphate (2-meSATP; P<0.05 vs basal) and a further increase by 

the P2X4-specific allosteric enhancer ivermectin (*P<0.05 vs 2-meSATP; repeated-

measures ANOVA). B, KO myocytes (8 cells from 6 mice) had a response to 2-meSATP 

alone (P<0.05 vs basal) but did not show further increase by ivermectin. The percent 

increase over basal by 2-meSATP alone or by 2-meSATP plus ivermectin was less in KO 

than in control myocytes (P<0.05). KO myocytes did not have detectable P2X4R by 

immunoblotting as compared with control myocytes (inset). C, Representative myocyte 

tracings are shown. Multiple cells within the same mouse were assumed to be independent.
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Figure 2. 
P2X4 receptor (P2X4R) knockout (KO) mice showed a more severe heart failure phenotype 

after infarction. Wild-type (WT) and KO mice were subjected to sham operation or left 

anterior descending coronary artery ligation and cardiac functions determined 90 d later. KO 

hearts had a lower +dP/dt (A), −dP/dt (B), and left ventricular (LV) developed pressure (C) 

by ex vivo working heart preparation (n=39) as well as a more reduced fractional shortening 

(FS) by in vivo echocardiography (D; n=20) than WT hearts (n=19 and 11 for ex and in vivo 

measurements, respectively). Both WT and KO hearts showed lower ±dP/dt and FS than 

either sham WT (n=10 for ±dP/dt; n=6 for FS) or sham KO (n=19 for ±dP/dt; n=9 for FS) 

hearts. *P<0.05 ligated WT vs sham WT, sham KO, or ligated KO. **P<0.05 ligated KO vs 

sham WT, sham KO. P>0.05 sham WT vs sham KO.
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Figure 3. 
P2X4 receptor (P2X4R) knockout (KO) hearts also had a more impaired function after 

transverse aorta constriction (TAC). Wild-type (WT) and KO mice were subjected to sham 

operation or TAC and cardiac functions determined 7 d later. KO mice showed a lower 

+dP/dt (A) and −dP/dt (B) by working heart (n=10), as well as a more reduced fractional 

shortening (FS; C) and a larger left ventricular internal dimension at systole (LVIDs; D) by 

echocardiography (n=9) than control WT mice (n=5 for working hearts and n=13 for 

echocardiography). KO hearts showed lower ±dP/dt, LV developed pressure (LVdevP), and 

FS compared with either sham WT (n=10 for ±dP/dt and LVdevP; n=19 for FS) or sham KO 

(n=9 for ±dP/dt and LVdevP; n=13 for FS) hearts. KO hearts also showed more dilated 

LVIDs compared with sham WT or sham KO hearts. *P<0.05 banded KO vs banded WT, 

sham WT, or sham KO; P>0.05 sham WT vs KO; P>0.05 banded WT vs sham WT or sham 

KO in ±dP/dt and LVIDs; P<0.05 banded WT vs sham WT or sham KO in FS comparison.
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Figure 4. 
Endothelial nitric oxide synthase (eNOS) and P2X4 receptor (P2X4R) 

coimmunoprecipitated in cardiac ventricular myocytes of wild-type (WT) and P2X4-Tg 

hearts. A, WT myocyte lysates were incubated overnight with anti-eNOS antibody or with 

nonspecific IgG as control. The isolated complex was subjected to Western blot (WB) 

analysis and probed with eNOS (top) and P2X4 (bottom) antibodies. IP indicates 

immunoprecipitation; and Tg, transgenic. As a control, eNOS coimmunoprecipitated itself. 

Coimmunoprecipitation of P2X4R with eNOS antibody (lane 3) but not with control IgG 

(lane 2) is shown. B, Same experiment as in A conducted in P2X4-Tg myocytes. C, 

Immunostaining of eNOS (green), P2X4R (red), and merged image is shown for a P2X4R-

overexpressing Tg cardiac myocyte.
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Figure 5. 
Increased cardiac protein S-nitrosylation levels and nitric oxide formation in P2X4 receptor 

(P2X4R) transgenic (Tg) animals. In A, a typical example of S-nitrosylated proteins in 

P2X4R-overexpressing Tg and wild-type (WT) hearts (n=5 for each) is shown as determined 

using biotin switch method. The counts of total summed intensities produced 1 distribution 

for each heart and analyzed with Kolmogorov–Smirnov test for equality of distributions. 

The test is rejected (P<0.001) in favor of the distributions not being the same. B, Typical 

changes in DAF-FM intensities at baseline vs after exposure to agonist or vehicle. Note the 

declined intensity in vehicle-treated cells due to photobleaching of fluorescein.
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Figure 6. 
Pharmacological inhibition by L-N5-(1-iminoethyl)ornithine hydrochloride (L-NIO) and 

genetic knockout (KO) of endothelial NO synthase (eNOS) abrogated the improved cardiac 

function by P2X4 receptor (P2X4R) overexpression in heart failure. A, Daily injection of L-

NIO 3 d before and 7 d after left anterior descending coronary artery (LAD) ligation in 

P2X4R-overexpressing transgenic (Tg) mice (n=13) resulted in a reduced fractional 

shortening (FS) compared with Tg mice not receiving drug (ie, receiving vehicle n=24). Tg 

mice receiving L-NIO had similar FS as WT mice (n=21 WT) receiving the drug. KO of 

eNOS in P2X4R Tg mice blocked the improved +dP/dt (B) and FS (C) by P2X4R 

overexpression in postinfarction heart failure. Thirty days after LAD ligation, P2X4R Tg 

mice (n=20) showed better +dP/dt compared with P2X4R Tg/eNOS KO (n=22), non-Tg WT 

(n=9), or eNOS KO mice (n=21). Similarly, P2X4R Tg mice (n=9) had greater FS than any 

other genotype at 30 d after ligation. Non-Tg WT (n=10), eNOS KO (n=14), P2X4R Tg/

eNOS KO mice (n=12) did not differ in FS (ANOVA and post-test comparison). D, Using 

the same drug injection protocol as in A, P2X4R Tg mice treated with vehicle subjected to 

transverse aorta constriction (TAC; n=22) had higher FS compared with Tg animals that had 

received L-NIO (n=11); WT animals (n=11) and Tg mice treated with L-NIO had similar 

FS. E, 21 days after TAC, P2X4R Tg mice (n=8) showed better FS compared with P2X4R 

Tg/eNOS KO (n=12) or eNOS KO mice (n= 13). *P<0.05 vs any other group. P>0.05 

among groups not marked*.
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Table 3

Basal Cardiac Function in Cardiac-Specific P2X4 KO Mice—Isolated Ventricular Cardiomyocytes

Resting Cell Length, μm Resting Cell Width, μm

WT (57 cells from 9 mice) 118.9±2.3 15.3±0.4

KO (45 cells from 9 mice) 120.7±3.1 15.6±0.4

Mice with conditional cardiac-specific knockout (KO) of P2X4 receptors (P2x4rflox/MerCreMer) and wild-type (WT; MerCreMer) mice were 
characterized for basal cardiac function by both in vivo echocardiography and ex vivo isolated working heart preparation 3 wk after tamoxifen 
treatment as described in the Methods section. There was no statistically significant difference in cardiomyocyte length or width between KO and 
WT mice.
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