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Abstract

P2X purinergic receptors, activated by extracellular ATP, mediate a number of cardiac cellular 

effects and may be important under pathophysiological conditions. The objective of the present 

study was to characterize the P2X receptor-mediated ionic current and determine its role in heart 

failure using the calsequestrin (CSQ) model of cardiomyopathy. Membrane currents under voltage 

clamp were determined in myocytes from both wild-type (WT) and CSQ mice. The P2X agonist 

2-methylthio-ATP (2-meSATP) induced an inward current that was greater in magnitude in CSQ 

than in WT ventricular cells. The novel agonist, MRS-2339, an N-methanocarba derivative of 2-

chloro-AMP relatively resistant to nucleotidase, induced a current in the CSQ myocyte similar to 

that by 2-meSATP. When administered via a miniosmotic pump (Alzet), it significantly increased 

longevity compared with vehicle-injected mice (log rank test, P = 0.02). The improvement in 

survival was associated with decreases in the heart weight-to-body weight ratio and in cardiac 

myocyte cross-sectional area [MRS-2339-treated mice: 281 ± 15.4 (SE) μm2, n = 6 mice vs. 

vehicle-treated mice: 358 ± 27.8 μm2, n= 6 mice, P < 0.05]. MRS-2339 had no vasodilator effect 

in mouse aorta ring preparations, indicating that its salutary effect in heart failure is not because of 

any vascular unloading. The cardiac P2X current is upregulated in the CSQ heart failure myocytes. 

Chronic administration of a nucleotidase-resistant agonist confers a beneficial effect in the CSQ 

model of heart failure, apparently via an activation of the cardiac P2X receptor. Cardiac P2X 

receptors represent a novel and potentially important therapeutic target for the treatment of heart 

failure.
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RECEPTORS FOR PURINE nucleotides, known as P2 purinergic receptors, mediate a number of 

potent and possibly important biological effects in the cardiovascular system (20, 22, 29). 

The P2X ion channels are receptor channels activated by extracellular ATP, whereas the P2Y 

receptors are G protein-coupled receptors. Together, they represent two subfamilies of the P2 

nucleotide receptors. Previous studies have shown that extracellular ATP can cause an ionic 

current in murine (27), rat (26), and guinea pig (21) cardiac ventricular myocytes. The 

receptor that mediates this current appears to be a p2x receptor, of which the P2X4 receptor 

is an important subunit (27). Activation of P2X receptors leads to the opening of a nonse-

lective cation channel permeable to Na+, K+, and Ca2+. The current is inward at negative 

membrane potentials, reverses near 0 mV, and becomes outward at positive potentials. The 

continuous activation of this receptor channel by endogenous extracellular ATP may assume 

an important biological function. This constant activation under the resting or negative 

membrane potentials would produce an inward current, whereas its activation during 

depolarized portions of the action potential should lead to an outward current. These 

currents represent a possible ionic mechanism by which the cardiac P2X channel achieves 

its biological effects.

A potential biologically important role of the cardiac P2X receptor was suggested by the 

finding that cardiac myocyte-specific overexpression of the P2X4 receptor can rescue the 

hypertrophic and heart failure phenotype of the calsequestrin (CSQ) model of 

cardiomyopathy (32). However, little is known regarding regulation of the cardiac P2X 

receptor in cardiac hypertrophy or failure. Furthermore, it is not clear whether an increased 

activation of the endogenous P2X receptor channel is beneficial or harmful in the 

progression of heart failure. Thus the principal objective of the present study was to 

investigate the regulation of the P2X receptor-mediated ionic current and its potential role in 

heart failure using several nucleotide agonists. The well-established CSQ model of 

cardiomyopathy was used. The P2X current was upregulated in cardiac ventricular myocytes 

of the CSQ hearts. Chronic administration of a novel nucleotidase-resistant P2 receptor 

agonist capable of inducing this ionic current and devoid of any vasodilator action reduced 

cardiac hypertrophy and increase lifespan. The data suggest that an important biological 

function of the cardiac P2X current is to favorably modulate the progression of cardiac 

hypertrophy and failure.

METHODS

Isolation of adult cardiac ventricular myocytes from wild-type and CSQ mice.

Mice displaying the CSQ model of severe cardiomyopathy and heart failure were bred and 

maintained according to a previously described method (32). The CSQ transgenic (TG) mice 

were originally provided by Dr. Larry Jones (Krannert Institute of Cardiology, Indiana 

University School of Medicine) and developed hypertrophy followed by a lethal heart failure 

phenotype with death near the age of 3 mo (12, 15). Ventricular myocytes were obtained 

from 3-mo-old wild-type (WT) and CSQ mice of either sex (26 WT, 47 TG) by an 

enzymatic dissociation procedure, as described previously (27, 32) Briefly, the hearts were 

rapidly excised from mice that had been anesthetized with pentobarbital sodium and treated 

with 1,000 units of heparin. The aorta was cannulated, and the heart was perfused in a 
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Langendorff apparatus with oxygenated (95% O2-5% CO2) Ca2+-free solution (37°C) for 5 

min at a rate of 2.5 ml/min. The solution composition was (in mM): 126 NaCl, 4.4 KCl, 1.0 

MgCl2, 18 NaHCO3, 11 glucose, 4 HEPES, and 3 2,3-butanedione monoxime (BDM, pH 

7.3 adjusted with NaOH). Thereafter, the perfusing solution was changed to that containing 

25 μM CaCl2 and 70 μg/ml liberase (Roche Molecular Biochemicals) for 8–10 min. Cells 

were sedimented by gravity for 10–15 min, and the pellet was resuspended in 200 μM Ca2+-

containing Tyrode solution (containing 3 mM BDM), allowed to settle for 30 min at room 

temperature, and suspended with Tyrode solution containing (in mM) 135 NaCl, 5.4 KCl, 

1.0 CaCl2, 1.0 MgCl2, 10 HEPES, and 10 dextrose (pH 7.4 adjusted with NaOH). The 

experiments were carried out at room temperature (22–23°C) and were completed within 4–

6 h after myocyte isolation. The use of animals was approved by the Institutional Animal 

Care and Use Committee at the University of Connecticut School of Medicine.

Cellular electrophysiological methods.

The whole cell patch-clamp technique was used for the experiments. Electrodes were 

prepared from borosilicate glass pipettes (1.2 mm ID) with a two-step pulling procedure and 

filled with pipette solution (see below). The pipette was connected via an Ag-AgCl wire to 

the head stage of an amplifier (model EPC-7; List Medical Systems, Greenvale, NY) 

controlled by a computer and Axon pClamp software. For voltage-clamp experiments, the 

electrodes were filled with a solution containing (in mM): 135 cesium aspartate, 5 NaCl, 5 

Mg2ATP, 10 HEPES, and 10 EGTA (pH 7.3 adjusted with CsOH) with or without 2 mM 

guanosine 5′-O-(2-thiodiphosphate) (GDPβS). Electrode resistances were 2–4 MΩ. As soon 

as electrical contact was established, the superfusion medium was changed to a modified 

Tyrode solution (5.4 mM KCl was omitted and 10 mM CsCl and 5 μM ouabain were added 

to Tyrode solution to block K+ currents and the Na-K pump current, respectively). In 

quantifying the P2 agonist-induced current, the Tyrode solution contained the indicated 

concentration of each agent. In studying the effect of a P2 receptor antagonist, both agonist 

and antagonist were coapplied at the indicated concentrations. The voltage-clamp protocol 

used was a ramp voltage protocol from −100 mV holding potential to +50 mV as previously 

described (27). The ramp protocol was applied to cells at 20-s intervals for 1 min. Three 

current traces from −100 to 50 mV were averaged to construct the current-voltage (I-V) 

relationship.

Immunoblotting.

Hearts from 3-mo-old CSQ and WT mice were isolated, blotted dry, weighed, and 

homogenized in ice-cold buffer containing 0.25 M sucrose and 10 mM MOPS, pH = 7.2 (16 

ml/g wt), using a tissue homogenizer (PowerGen model 125; Fisher Scientific, Pittsburgh, 

PA). After solublization in sample buffer, SDS-PAGE and immunoblotting were conducted, 

as recently described (32). Homogenate protein (25 μg) was electrophoresed per gel lane 

using 8% polyacrylamide and transferred to nitrocellulose. For detection of the P2X4 

receptor, rabbit polyclonal antibody directed against a unique COOH-terminal sequence of 

the rat P2X4 receptor (Alomone, Jerusalem, Israel), which cross-reacted with both the 

human and mouse P2X4 receptors, was used (9). The membrane was incubated with 

peroxidase-coupled anti-rabbit Ig antibody (1:5,000) and developed with an ECL-Plus kit 

(Amersham). The level of the P2X4 receptor protein was quantified via a Bio-Rad Geldoc 
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2000 using the Discovery Series Quantity One version 4.5.2 (Bio-Rad, Hercules, CA). The 

quantity of the protein in each band was proportional to the sum of intensity of all pixels 

within the band boundary multiplied by the area of each pixel. Equal amounts of protein 

were loaded per gel lane, which was subsequently confirmed by Ponceau S staining of the 

blot (8, 34) and by probing with an affinity-purified goat polyclonal antibody against the 

COOH termini of a broad range of actin isoforms such as the β- and α-actins (Actin, 1–19: 

sc-1616; identical in human, rat, and mouse; see Ref. 2).

Quantification of myocyte cross-sectional area.

Cardiac myocyte cross-sectional area was quantified according to a previously described 

method (19, 24). Excised hearts were fixed in 4% paraformaldehyde and labeled with a 

fluorescein-conjugated wheat germ agglutinin. Photomicrographs were taken at the midleft 

ventricular wall as previously described. The images of cross-sectioned cells showing 

consistently round shapes were captured with Macrofire PictureFrame (Optronics, Goleta, 

CA), and the cross-sectional area was measured with ImageProPlus (MediaCybernetics, 

Silver Spring, MD). Typically, 50–100 cross-sectional areas were determined and averaged 

per heart.

MRS-2339 and vascular reactivity.

Thoracic aortas were quickly removed from 8- to 10-wk-old WT (C57 BL6) mice, cut into 

3-mm rings, and studied as previously described (17). After preconstriction with 

phenylephrine (1 μM), increasing concentrations of ACh or MRS-2339 were added in a 

cumulative fashion to achieve a concentration-response curve. The percent relaxation was 

determined as the percent decrease in ring tension (gram) compared with the tension before 

the addition of ACh or MRS-2339. Data were shown as means ± SE.

Drugs and solutions.

2-Methylthio-ATP (2-meSATP), Brilliant Blue G (BBG), pyridoxal-phosphate-6-

azophenyl-2′,4′-disulphonic acid (PPADS), and 2-methylthio-ADP (2-meSADP) were 

obtained from Sigma Chemical (St. Louis, MO). NF-449 was from Tocris Bioscience 

(Ellisville, MO). Both 2-meSATP and 2-meSADP were dissolved just before each 

experiment. Stock solutions were prepared in PBS, pH = 7.4, and added to the Tyrode 

solution to obtain the desired concentrations. The N-methanocarba derivative of 2-chloro-

AMP, MRS-2339, and the P2Y1 receptor antagonist MRS-2500 were synthesized as 

previously described (14, 23). These two P2 purinergic agents were characterized in detail 

previously. MRS-2339 was dissolved in PBS, pH = 7.4 at 3.3 μM (200 μl total volume), 

filtered for sterility for in vivo administration at 6 μl/day for 28 days via a miniosmotic 

pump (Alzet) implanted in the CSQ mice. The longevity of MRS-2339- or vehicle-

administered animals was determined, and the survival difference was analyzed by log rank 

test as previously described (32).
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Data.

Unless otherwise indicated, data were provided as means ± SE. Student’s t-test for paired or 

unpaired samples was used to evaluate the effects of experimental interventions; P < 0.05 

was taken as statistically significant.

RESULTS

The extracellular 2-meSATP-stimulated current was greater in CSQ than in WT cardiac 
myocytes.

The activation of a P2X receptor was studied by application of 2-meSATP (3 μM) for 3–5 

min to cells obtained from CSQ TG mice and from WT mice using the whole cell voltage-

clamp protocol. An extracellular 2-meSATP-stimulated current was observed in WT cardiac 

myocytes (Fig. 1), consistent with our previous finding (27). The same concentration of 2-

meSATP caused a similar current that displayed a linear relation between −100 and +50 mV 

and reversed from inward to outward at ~0 mV in cardiac myocytes of CSQ hearts (Fig. 1), 

identical to that found in the WT cardiac myocyte. CSQ myocytes were more responsive 

than WT myocytes upon exposure to 2-meSATP in the induction of a current. Of cells that 

showed an induced current in response to 2-meSATP, the amplitude of the 2-meSATP-

stimulated current was significantly greater in cells from CSQ than from WT hearts at −100 

mV (Fig. 1, P < 0.05). At −100 mV, the 2-meSATP-stimulated current was −1.28 ± 0.15 

(SE) pA/pF in CSQ myocytes (n = 15 cells from 7 mice) and −0.91 ± 0.09 pA/pF in WT 

myocytes (n = 18 cells from 10 mice; P < 0.05). Similarly, at −90 and −80 mV, the 2-

meSATP-evoked current was also greater in CSQ than in WT myocytes (P < 0.05). That 2-

meSATP-stimulated current showed similar voltage dependence and reversal potential in 

WT and CSQ cardiac myocytes is consistent with the presence of the same P2X current in 

both WT and CSQ myocytes.

Additional pharmacological characterization of the 2-meSATP-evoked current was carried 

out. Data summarized in Fig. 1B showed that PPADS was able to partially inhibit the 2-

meSATP-induced current, whereas the P2X1 selective antagonist NF-449 or the P2X5 or 

P2X7-selective antagonist BBG had very little inhibitory effect on this current. The data are 

consistent with the notion that homomeric P2X1, P2X5, or P2X7 receptors are not involved 

in mediating the 2-meSATP-evoked current.

Function of the cardiac P2X current in heart failure: Salutary effect of a nucleotidase-
resistant P2 receptor agonist in the CSQ mice.

Although the cardiac P2X current is augmented in the failing myocytes, its function in 

modulating the progresssion of heart failure is unknown. To gain insights to this question, a 

nucleotidase-resistant P2 receptor agonist, MR-S2339, an N-methanocarba derivative of 2-

chloro-AMP, was synthesized and administered to the CSQ animals via a minipump. 

Compared with vehicle-injected (14 mice) CSQ mice, MRS-2339-treated mice (15 mice) 

had a significantly longer lifespan (log rank test, P = 0.02; median lifespan was 115 days in 

MRS-2339-treated vs. 73 days in vehicle-treated animals; Fig. 2A). The improvement in 

survival was associated with a reduction in the cardiac myocyte hypertrophy, as reflected by 

a smaller cross-sectional area in MRS-2339-treated mice [281 ± 15 (SE) μm2, n = 6 mice] 
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compared with that in vehicle-treated mice (358 ± 28 μm2, n = 6 mice; Fig. 2B; P < 0.05). 

Similarly, MRS-2339-treated animals exhibited a lower heart weight-to-body weight ratio 

(MRS-2339-treated: 10.5 ± 1.38, n = 9 hearts vs. controls: 12.56 ± 2.2, n = 23 hearts, P < 

0.05; Fig. 2C). These data demonstrated that this nucleotide analog, when administered in 

vivo, can rescue the cardiac hypertrophic phenotype of the CSQ mouse.

N-methanocarba derivative of 2-chloro-AMP can induce a P2X-like current in the CSQ 
cardiac myocyte.

Because cardiac myocyte-specific overexpression of the P2X4 receptor in the CSQ mice also 

reduced the heart weight-to-body weight ratio and cardiac myocyte hypertrophy (27, 31), 

one possible mechanism by which MRS-2339 might rescue the hypertrophic phenotype of 

the CSQ mice is its activation of the P2X receptor on the cardiac myocytes of these animals. 

In fact, this nucleotidase-resistant P2 receptor agonist can evoke a current with a similar I-V 
relationship and reversal potential as the P2X agonist 2-meSATP in both WT (Fig. 3) and 

CSQ (Fig. 4) cardiac myocytes. MRS-2339 was initially characterized as a weak P2Y1 

receptor agonist (23). However, the potent P2Y1 receptor-selective antagonist MRS-2500 

could not block the current evoked by 2-meSATP (Fig. 5) or by MRS-2339 (data not 

shown), suggesting against a role of the P2Y1 receptor in mediating the cardiac current 

effect of 2-meSATP or MRS-2339. That 2-meSATP is in some systems an antagonist at the 

P2Y1 receptor (1) but was a potent agonist at inducing this current further argues against a 

role for the P2Y1 receptor in mediating this current. It is possible that 2-meSATP could be 

degraded to 2-meSADP, which in turn might evoke a current via its activation of the P2Y1, 

P2Y12, or P2Y13 receptors (1), if these P2Y receptors were indeed present on the murine 

cardiac myocyte. However, 3 μM 2-meSADP failed to induce any current in myocytes that 

showed a full response to 3 μM 2-meSATP (Fig. 6), further arguing against a role of the P2Y 

receptor in mediating the current effect of 2-meSATP. Finally, the presence of GDPβS in the 

pipette solution did not affect the ability of 2-meSATP to evoke the current (current without 

GDPβS: −0.908 ± 0.09 and 1.1 ± 0.175 pA/pF at −100 and +50 mV, respectively, n= 18 

myocytes from 22 mice; current with GDPβS: −0.877 ± 0.198 and 0.85 ± 0.193 pA/pF at 

−100 and +50 mV, respectively, n= 5 myocytes from 7 mice; P > 0.05). Similarly, the 

addition of GDPβS in the pipette also did not decrease the MRS-2339-evoked current. At 

−100 mV, current density was −0.73 ± 0.15 pA/pF in the absence of GDPβS (n = 7 cells); 

with GDPβS, the current density was −0.66 ± 0.10 pA/pF (n = 3 cells, P > 0.1 vs. no 

GDPβS). At +50 mV, there was also no difference in the current density whether or not 

GDPβS was added. The data argue against a role of G protein or G protein-coupled P2Y 

receptors in the induction of this current.

MRS-2339 lacks vasodilator effect in mouse aorta preparation.

Because MRS-2339 is a nucleotide analog, it may in theory have a vascular effect via 

activation of either vascular P2Y or P2X receptors. An arterial vasodilator effect of 

MRS-2339 would unload the failing heart and potentially explain the decrease in heart 

hypertrophy and the increase in lifespan of the CSQ animals. With the use of an adult mouse 

thoracic aorta ring preparation preconstricted with phenylephrine, ACh was able to cause a 

dose-dependent relaxation of the ring segments (Fig. 7). In the same vessel rings, MRS-2339 

did not induce relaxation over the same range of concentrations (10−9 to 10−5 M). These 
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data suggest against a vasodilator effect of MRS-2339 and make it unlikely that vascular 

unloading is a beneficial mechanism here.

Increased expression of endogenous cardiac P2X4 receptors in the CSQ mice.

P2X4 receptors are an important subunit of the native cardiac P2X receptors (27). The 

protein expression level of this receptor in the WT and CSQ hearts was determined by 

immunoblotting. Figure 8 showed that the level of cardiac P2X4 receptors is greater in the 

CSQ than in the WT animals (P < 0.05). The data are consistent with a greater level of the 

native P2X receptor in the CSQ heart and may provide an explanation for the greater 2-

meSATP-stimulated current in these failing cardiac myocytes.

DISCUSSION

Acting via cell surface receptors, extracellular ATP can exert potentially important 

biological effects in the heart. Extracellular ATP can induce increases in ionic current and 

contractility in cardiac myocytes of a number of species (5, 9, 20–22, 25–27, 29). The 

receptor that mediates the effect of ATP on ionic current was recently characterized and 

appears to be a heteromer of several members of the P2X family (20, 27). Although the 

extracellular ATP-induced, P2X receptor-mediated current is present in normal adult cardiac 

myocytes, its regulation under pathological conditions is not known. TG cardiac myocyte-

specific overexpression of the human P2X4 receptor showed an increased extracellular ATP-

evoked current and reversed the hypertrophic and failing phenotype of the CSQ model of 

cardiomyopathy (32). These data suggest that an increased expression or activation of the 

cardiac P2X receptor may exert a salutary role in cardiac hypertrophy and failure. With the 

use of the CSQ model of hypertrophy and severe heart failure, this study characterized the 

regulation of cardiac P2X current in failing cardiac myocytes and determined whether 

chronic in vivo administration of a nucleotidase-resistant P2X agonist can confer a 

beneficial effect in these heart failure animals.

We found that the P2X agonist 2-meSATP induced a membrane current in ventricular 

myocytes isolated from both WT mice and CSQ mice. The I-V relationship and the reversal 

potential were similar in both kinds of cardiac myocytes. However, the density of the 2-

meSATP-evoked current was greater in CSQ than in WT myocytes. Although the CSQ 

myocytes are hypertrophic and larger, the current was normalized against the larger 

capacitance of the CSQ myocytes as current density in picoampere per picofarads. These 

data suggest that the P2X current is upregulated in the cardiac myocytes of the CSQ mice. 

Although it is not known whether the cardiac P2X receptor protein is increased and accounts 

for the larger current density in the CSQ myocytes, the level of one of the known subunits, 

that of the P2X4 receptor, was increased in these myocytes. Because the exact identity of the 

other P2X subunits of this native cardiac P2X receptor is not known, the level of these other 

subunits may also be upregulated in the failing CSQ hearts. Nevertheless, the larger current 

density mediated via the endogenous P2X receptor and higher levels of its P2X4 subunit 

suggest an upregulation of this receptor in the failing cardiac myocyte.

Further characterization of the 2-meSATP-evoked current in the WT murine cardiac 

myocyte demonstrated a lack of inhibition of the 2-meSATP current by GDPβS that was 
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present at a concentration known to block GDP/GTP exchange (28, 33), suggesting against a 

role of the G protein in mediating this current. This finding, along with the observations that 

the P2Y agonist 2-meSADP could not evoke any current and that P2Y1 selective antagonist 

MRS-2500 could not block the current induced by either 2-meSATP or MRS-2339, strongly 

suggests against a role of the G protein-coupled P2Y receptor in the induction of this 

current. Three additional P2X receptor-selective antagonists were used. NF-449 is selective 

for native rat P2X1 receptors vs. native guinea pig P2X3 and P2Y1 receptors, or vs. native 

human P2Y2 receptors in HEK293 cells (4). NF-449 is also selective for recombinant human 

P2X1 vs. P2X7 receptors expressed in Xenopus oocytes (10). Although the selectivity of 

NF-449 for native murine P2 receptors is not known, one may infer from the data using 

NF-449 that homomeric P2X1 receptor is unlikely part of the native cardiac P2 receptor 

mediating the 2-meSATP-induced current. At 5 μM, BBG can block the rat and human P2X7 

receptor but will not block rat P2X3, P2X2/3, P2X4, or P2X1/5 receptors. It may partially 

inhibit the rat P2X2 or the human P2X4 receptor (11). At this concentration, BBG can nearly 

abrogate human P2X5 receptor-mediated current (3). Because there are no data regarding 

BBG’s effect on any of the murine P2X receptor, one cannot definitively exclude a role of 

homomeric P2X5 and P2X7 receptors in mediating the 2-meSATP current in the murine 

myocyte. That PPADS can block most of the 2-meSATP-evoked current is consistent with a 

role of the P2X4 receptor as a subunit of the native P2X receptor that mediates this current. 

This conclusion is also consistent with our previous findings that showed a partial sensitivity 

of the current to antagonism by suramin (27).

To investigate the possible importance of the native cardiac P2X receptor in heart failure, a 

nucleotidase-resistant P2 receptor agonist, MRS-2339, was synthesized. Previous studies 

have shown that structurally constraining the methanocarba ring in the N conformation 

confers relative resistance to 5′-nucleotidase-mediated hydrolysis of AMP analogs (23). The 

rate of hydrolysis by rat 5′-ectonucleotidase of N-methanocarba-AMP was only 0.14% of 

the rate of hydrolysis of AMP. When administered chronically in vivo to the failing CSQ 

mice, MRS-2339 reduced cardiac hypertrophy, as shown by decreases in myocyte size and 

heart weight-to-body weight ratios, and by prolonged survival. The exact mechanism by 

which this beneficial effect is achieved and the cause-effect importance of P2X receptor 

stimulation are not clear. However, a number of lines of evidence point to activation of the 

cardiac P2X receptor as likely important. First, the antihypertrophic effect of myocyte-

specific overexpression of the P2X4 receptor is similar to that of the in vivo administration 

of MRS-2339. The salutary effects of MRS-2339 and myocyte-specific overexpression of 

the P2X4 receptor in the same animal model of heart failure are nearly identical with 

reductions in myocyte size and heart weight-to-body weight ratios as well as prolongation of 

lifespan. Second, this P2 agonist was capable of inducing a current similar to that evoked by 

the P2X agonist 2-meSATP in not only the WT but also the CSQ cardiac myocytes. During 

administration of this 5′-nucleotidase-resistant agonist, the cardiac P2X receptor was likely 

activated to some degree in vivo. Third, this agonist is devoid of any vasodilator effect at 

concentration as high as 10 μM, whereas the vasodilator action of ACh was striking and 

readily demonstrated in the same vascular ring preparation. The lack of any in vitro 

vasodilator effect suggests against any vascular unloading as a cause of the beneficial effect 

of this agonist in heart failure animals. However, because blood pressure in the CSQ animals 
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is not known, a possible MRS-2339-induced decrease in blood pressure may have 

contributed to the salutary effect observed.

The endogenous free plasma ATP concentration has been measured as 93 ± 27 nM in rats 

(6). Using a dialysate measurement, the basal interstitial fluid ATP concentration has been 

estimated to be 38 ± 8 nM in the in situ rat heart (16). It is not clear to what extent the basal 

extracellular ATP can activate this nonselective current in the heart. Nevertheless, the 

chronic administration of MRS-2339 may evoke a continued activation of this current and 

thus cause a salutary effect in the failing heart. The CSQ model is a heart failure model that 

arises from abnormal calcium handling and homeostasis. It is believed that an abnormal 

calcium handling plays an important contributing if not a pathogenic role in the development 

of heart failure. Therefore, it is quite possible that the beneficial effect of MRS-2339 and its 

evoked current may also be generalized to other models of heart failure. The mechanism by 

which the cardiac P2X current achieves its salutary effect in heart failure is unknown. The 

inward current at negative potentials may increase the sarcoplasmic reticulum calcium 

loading and enhance the performance of the failing heart. The outward current at positive 

potentials may enhance repolarization during phase 1 or 2, and thereby shorten the action 

potential duration with resultant decreased calcium influx and reduced stimulus for cardiac 

hypertrophy. The duration of action potential and its manipulation have been implicated in 

the development or modulation of cardiac hypertrophy (7, 13, 18, 30). These possibilities 

await and deserve further investigation.

Overall, the cardiac myocyte P2X receptor is upregulated in the CSQ model of hypertrophy 

and heart failure. Chronic in vivo administration of the P2X agonist MRS-2339 can rescue 

the hypertrophic phenotype of the CSQ animals and prolong their longevity. This salutary 

effect appears to be mediated by activation of the upregulated cardiac P2X receptor. The 

data imply that augmentation of the cardiac myocyte P2X current can reverse or attenuate 

cardiac hypertrophy and failure and suggest that agonists at this nucleotide-gated receptor 

channel represent a new therapeutic target.
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Fig. 1. 
Characterization of 2-methylthio-ATP (2-meSATP)-stimulated current in ventricular 

myocytes from calsequestrin (CSQ) hearts. Cardiac ventricular myocytes were prepared 

from wild-type (WT) and CSQ hearts, and currents were measured by voltage clamp in the 

whole cell configuration. The ramp voltage clamp was from −100 to +50 mV. A: 2-meSATP 

(3 μM) induced a steady inward current at negative potentials and an outward current at 

positive potentials with reversal potential near 0 mV in both WT (n = 18) and CSQ (n = 15) 

myocytes. The current-voltage (I-V) relationship was shown in current density (pA/pF) as 

means ± SE. B: effects on the 2-meSATP (3 μM)-evoked current of various P2X receptor 

antagonists PPADS (100 μM), NF-449 (300 nM), and Brilliant Blue G (5 μM) were 

determined. The ramp voltage clamp ranged from −100 to +50 mV. Data were means ± SE; 

PPADS: 4 cells (from 6 mice); NF-449: 5 cells (8 mice); Brilliant Blue G: 5 cells (6 mice).
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Fig. 2. 
Effects on lifespan and cardiac hypertrophy from chronic administration of MRS-2339 in 

CSQ mice. A: Kaplan-Meier analysis was used to determine the survival probability in CSQ 

animals receiving vehicle or MRS-2339 via Alzet minipump. MRS-2339 was infused as a 3-

μM sterile solution at a rate of ~6 μl/day for 28 days. Log rank test method was used to 

analyze the survival curves (P = 0.02). B: myocyte cross-sectional areas were determined in 

vehicle- and MRS-2339-treated mice, as described in METHODS. Chronic treatment with 

MRS-2339 caused a significant decrease in the cell cross-sectional area (P < 0.05). C: 
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MRS-2339 treatment decreased the heart weight-to-body weight ratio in CSQ mice (P < 

0.05). All data were provided as means ± SD.
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Fig. 3. 
N-methanocarba derivative of 2-chloro-AMP, MRS-2339, can evoke an ionic current similar 

to that induced by 2-meSATP in WT murine cardiac myocytes. Cardiac ventricular myocytes 

were prepared from WT hearts, and the current was measured by voltage clamp in the whole 

cell configuration. The ramp voltage clamp was from −100 to +50 mV. MRS-2339 (10 μM) 

induced a current similar to that evoked by 2-meSATP (3 μM) with identical I-V 
relationships and reversal potentials. Data were shown as current density in pA/pF. Data 

were means ± SE of 18 myocytes from 10 mice for 2-meSATP-induced current and 7 

myocytes from 4 mice for the current induced by MRS-2339.
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Fig. 4. 
Effects of MRS-2339 and 2-meSATP on membrane currents in CSQ myocytes. Cardiac 

ventricular myocytes were prepared from CSQ hearts, and the effects of MRS-2339 and 2-

meSATP on the current were measured by voltage clamp in the whole cell configuration. 

The ramp voltage clamp was from −100 to +50 mV. Cells were held at −80 mV with the 

ramp voltage-clamp protocol applied, as described in METHODS. Addition of either 

MRS-2339 or 2-meSATP induced an inward current that dissipated upon washout of agonist. 

MRS-2339 (10 μM) induced a current similar to that evoked by 2-meSATP (3 μM) with 

identical I-V relationships and reversal potentials in the CSQ cardiac myocyte. Data were 

shown as current density in pA/pF. Data were means ± SE of 15 myocytes from 7 mice for 

the 2-meSATP-induced current and 8 myocytes from 5 mice for the current evoked by 

MRS-2339.
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Fig. 5. 
P2Y1 receptor does not mediate the current evoked by 2-meSATP. Cardiac ventricular 

myocytes were prepared from WT hearts, and the effect of MRS-2500 (1 μM) on 2-

meSATP-evoked current was measured by voltage clamp in the whole cell configuration. 2-

meSATP was present at 3 μM. The ramp voltage clamp was from −100 to +50 mV, as 

described in METHODS. The 2-meSATP-evoked current was similar whether or not MRS-2500 

was present. Data were shown as current density in pA/pF and were means ± SE of 4 

myocytes from 4 mice.
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Fig. 6. 
P2Y receptor agonist 2-methylthio-ADP (2-meSADP) does not evoke any current in adult 

WT mouse cardiac myocytes. A: 2-meSATP, but not 2-meSADP, was able to induce a steady 

inward current in an adult (3-mo-old) mouse cardiac myocyte held at − 80 mV. Both 

agonists were present at 3 μM. The current induced by 2-meSATP reversed upon washout of 

the agonist. The vertical marks on the current trace are ramp voltage clamps from −100 to 

+50 mV. B: The I-V relations taken at a and b (for 2-meSADP) and at a and c (for 2-

meSATP) in A were subtracted, and the differences were plotted as a function of the voltage 

in pA/pF. Data were shown as means ± SE from 8 WT cardiac myocytes from 14 mice.
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Fig. 7. 
MRS-2339 lacks vasodilator effect in adult mouse aorta ring. Adult (2- to 3-mo-old) WT 

mouse thoracic aorta ring segments were studied in organ chambers as described in METHODS. 

Relaxation in response to various indicated concentrations of ACh and MRS-2339 was 

determined. Seven ring segments from 3 mice were used. Data were shown as means ± SE. 

ACh caused a significant and pronounced relaxation, whereas MRS-2339 did not elicit 

relaxation.
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Fig. 8. 
P2X4 receptor level is increased in the failing CSQ hearts. Hearts of 3-mo-old WT and CSQ 

mice were homogenized, solublized, and immunoblotted, and the relative level of P2X4 

receptor was quantified as described in METHODS. Identical amounts of protein were loaded 

per lane for each antibody used. Antibodies were specific for P2X4 receptor. The 

autoradiograph was typical of 4 similar experiments. The level of P2X4 receptor was higher 

in the CSQ than in the WT hearts (P < 0.05, t-test).
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