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most recent investigation, AMP derivatives (19). The P2X
receptor is not G protein coupled, different from the G proteincoupled P2Y receptor (1, 16). Cardiac-restricted overexpression of the P2X4 receptor, which is an important subunit of the
native cardiac myocyte P2X receptor (18), can induce an
enhanced contractile state of the intact heart (5). Stimulation of
the native cardiac myocyte P2X receptor by exogenous agonists such as 2-methylthioATP (2-meSATP) or MRS2339 can
induce a P2X current (19) and an increased heart contractility
(unpublished data) in not only wild-type (WT) but also CSQ
hearts. Although these data demonstrate a cardiac biological
phenotype of the P2X receptor, the mechanism by which
cardiac P2X receptors rescue heart failure is not known.
Here we studied the mechanism of rescue using binary or
double Tg mice with cardiac-specific P2X4 receptor overexpression in the CSQ heart. We tested the hypothesis that a
delay in the progression of cardiac myocyte dysfunction, in
parallel with a delay in intact heart contractile impairment and
in left ventricular (LV) dilatation, is a mechanism by which
cardiac P2X4 receptor rescues the lethal heart failure phenotype of CSQ cardiomyopathy. Similar to a delay in death,
binary mice exhibited a slowed progression to end-stage heart
failure with a greater LV fractional shortening (FS) and thickness and a concomitant lesser degree of LV dilatation in both
systole and diastole at 8 or 12 wk of age. However, by 16 wk,
binary hearts showed similarly depressed FS and thinned out
LV and similar enlargement of LV dimensions as did 12-wkold CSQ hearts by echocardiography in vivo. Binary cardiac
myocytes showed higher peak basal cell shortening (CS) and
sarcomere shortening (SS) as well as greater rates of cell
shortening and relaxation than did the CSQ cardiac myocytes
at either 8 or 12 wk of age. At 16 wk, binary myocytes were
more like the 12-wk-old CSQ myocytes with equally depressed
CS, SS, and Ca2⫹ transient.

has been made in the pharmacological treatment of heart failure, drug targets have been
limited to those that block neurohormonal activation (2, 6, 24).
Our recent study showed that cardiac transgenic (Tg) overexpression of P2X4 receptors conferred a survival benefit in the
lethal cardiomyopathy of calsequestrin (CSQ) overexpressing
mice (25). The activation of the native cardiac P2X receptor by
a small molecule agonist could also prolong survival and
reduce cardiac hypertrophy in this lethal cardiomyopathy (19).
These data provide the initial evidence that the cardiac P2X
receptor is a new therapeutic target for treating heart failure,
different from those involved in the neurohormonal blockade
such as the ␤-adrenergic receptor pathway or the renin-angiotensin-aldosterone system. It is a target that requires activation
rather than inhibition to achieve a beneficial effect in heart
failure. The P2X receptor subfamily of the P2 purinergic
receptor represents ligand-gated ion channels that are activated
by adenine nucleotides such as ATP, ADP (11, 23), or, in our

Experimental animals. The P2X4 receptor Tg, CSQ Tg, and binary
Tg mice were generated and bred as previously described (5, 19, 25).
The expression of human P2X4 receptor and canine CSQ in Tg mice
was verified by polymerase chain reaction of the genomic DNA. Mice
of each genotype were used at the various indicated ages. P2X4
receptor overexpressing Tg mice were derived from littermates that
overexpressed P2X4 receptors only and likely represented heterozygous animals. More importantly, the P2X4 receptor overexpressing Tg
mice maintained a stable 20-fold overexpression of the P2X4 receptor
in both the double Tg and the sole P2X4 receptor overexpressing Tg
animals (25). Similarly, the level of CSQ overexpression was similar
in the double Tg and the sole CSQ overexpressing Tg mice. Animals
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Shen JB, Shutt R, Agosto M, Pappano A, Liang BT. Reversal
of cardiac myocyte dysfunction as a unique mechanism of rescue
by P2X4 receptors in cardiomyopathy. Am J Physiol Heart Circ
Physiol 296: H1089 –H1095, 2009. First published February 6,
2009; doi:10.1152/ajpheart.01316.2008.—Binary cardiac transgenic
(Tg) overexpression of P2X4 receptors (P2X4R) improved the survival of the cardiomyopathic calsequestrin (CSQ) mice. Here we
studied the mechanism of rescue using binary P2X4R/CSQ Tg and
CSQ Tg mice as models. Cellular and intact heart properties were
determined by simultaneous sarcomere shortening (SS) and Ca2⫹
transients in vitro and echocardiography in vivo. Similar to a delay in
death, binary mice exhibited a slowed heart failure progression with a
greater left ventricular (LV) fractional shortening (FS) and thickness
and a concomitant lesser degree of LV dilatation in both systole and
diastole at 8 or 12 wk. By 16 wk, binary hearts showed similarly
depressed FS and thinned out LV and equal enlargement of LV as did
12-wk-old CSQ hearts. Binary cardiac myocytes showed higher peak
basal cell shortening (CS) and SS as well as greater basal rates of
shortening and relaxation than did the CSQ myocytes at either 8 or 12
wk. Similar data were obtained in comparing the Ca2⫹ transient. At 16
wk, binary myocytes were like the 12-wk-old CSQ myocytes with
equally depressed CS, SS, and Ca2⫹ transient. CSQ myocytes were
longer than myocytes from wild-type and binary mice at 12 wk of age.
At 16 wk, the binary myocyte length increased to that of the 12-wkold CSQ myocyte, parallel to LV dilatation. The data suggest a unique
mechanism, which involves a reversal of cardiac myocyte dysfunction
and a delay in heart failure progression. It represents an example of
targeting the abnormal failing myocyte in treating heart failure.
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mice were alive at 16 wk of age. At that time, binary heart and cell
functions were determined by echocardiography and the simultaneous
recording of SS and Ca transient. Echocardiography was determined
using a linear 30-MHz transducer according to the manufacturer’s
instructions (Vevo 660 High Resolution Imaging System; VisualSonics,
Toronto, Canada) as previously described (21). In brief, two-dimensional-targeted M mode echocardiographic measurements were carried out at midpapillary muscle level. Mice were anesthetized with 1%
isoflurane using a vaporizer. LV end-diastolic diameter (LVEDD) and
LV end-systolic diameter (LVESD), LV posterior wall (LVPW) and
interventricular septal (IVS) thickness at diastole and systole, and FS
(defined as LVEDD ⫺ LVESD/LVEDD * 100) were measured.
LVPW and IVS were measured digitally on the M mode tracings, and
all echocardiogram parameters were averaged from more than three
cardiac cycles.
Statistical analysis. Data were presented as means ⫾ SE. Myocytes
in each group were obtained from the indicated number of mice. The
significance of differences between means was analyzed with appropriate ANOVA and posttest comparison by Newman-Keuls test.
Values with P ⬍ 0.05 were considered statistically significant. In
other comparisons, a paired or unpaired t-test was used accordingly.
RESULTS

Reversal of cardiac myocyte dysfunction by P2X4 receptor
overexpression in the CSQ hearts. Human P2X4 receptors
were overexpressed in the CSQ heart to create a binary or a
double Tg mouse. Basal cardiac myocyte function was
examined in WT, P2X4 receptor Tg, CSQ Tg, and binary
P2X4 receptor/CSQ Tg animals. CS of the cardiac myocyte
was used to characterize the baseline cardiac myocyte contractile function. The P2X4 receptor Tg cardiac myocyte,
with its overexpression of the receptor, showed normal contractile
function as the WT cardiac myocyte (Fig. 1). On the other hand,

Fig. 1. Improved basal contractile shortening of the binary P2X4 receptor
(P2X4R)/calsequestrin (CSQ) cardiac myocyte. A: representative traces of
contractile or cell shortening (CS) at 0.2 Hz in myocytes from 12-wk-old
wild-type (WT), P2X4 transgenic (Tg), CSQ Tg, and binary Tg hearts were
shown. Data were typical of 41 myocytes from 20 WT mice, 59 myocytes of
P2X4R Tg, 60 myocytes from 33 CSQ mice, and 54 myocytes from 32 binary
mice. CS traces were superimposed for WT and P2X4R Tg as well as for CSQ
and binary myocytes in right column. Binary myocytes showed a greater peak
CS and a shorter duration of contraction at 0.2 Hz. Average of CS, expressed
as percentage of cell length, was shown for myocytes paced at 0.2 Hz (B) or
at 1.0 Hz (C). Data and SE were presented. Maximal CS in binary cardiac
myocytes was greater than that in CSQ cardiac myocytes (P ⬍ 0.05) at both
stimulation frequencies. **P ⬍ 0.05 when compared with either WT or P2X4
Tg by 1-way ANOVA followed by posttest comparison.
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were handled and maintained according to the approved protocol by
the Institutional Animal Care and Use Committee at the University of
Connecticut Health Center.
Isolation of adult cardiac ventricular myocytes. Cardiac ventricular
myocytes were obtained from WT, P2X4 Tg, CSQ Tg, and binary Tg
mice using an enzymatic dissociation procedure described previously
(5). In summary, after obtaining body weight and anesthetization,
hearts were rapidly excised. The heart weight was obtained after the
aorta was cannulated and lung tissues were removed. Retrograde
perfusion via the aorta was carried out with oxygenated (95% O2-5%
CO2) Ca2⫹-free solution containing (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) at 37°C for 5 min at
a rate of 2.5 ml/min. Enzymatic dissociation of cardiac myocytes was
carried out by perfusing with the same solution except that 25 M
CaCl2 and liberase (70 g/ml; Roche Molecular Biochemicals) were
added. Isolated cardiac myocytes were then exposed to a stepwise
increase in extracellular Ca2⫹ from 0.025, 0.2, and then 1.0 mM,
allowed to settle for 30 min at room temperature, and finally suspended with Tyrode’s 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 to 23°C) and were completed within 3–5 h after
myocyte isolation.
Measurements of cell length and width, CS, Ca2⫹ transient, and SS.
CS was elicited by field stimulation at 0.2, 0.5, 1.0, and 2.0 Hz and
was detected by a video edge-detector device (Crescent Electronics,
Sandy, UT) (17). The cell image was projected on a high-resolution
video monitor through a sequential-scanning video camera attached to
the microscope. The cell length and width of cardiac myocytes were
measured on the video monitor and were calibrated with 10-m beads
under the same magnification. The distance between the clear edges of
the cell ends along the long axis was taken as the cell length, and the
distance between the clear edge along the short axis near the middle
of the cell was measured as the cell width. The camera was rotated to
keep the video detector raster lines parallel with the long axis of the
cell. The video dimension analyzer monitored a selected raster line for
differences in light intensity between the cell end and the surrounding
field. The time constant and apparent spatial resolution of the video
analysis system response at 400⫻ magnification were 16.7 ms and
0.15 m, respectively. The signal from the detector was sent to the
computer equipped with AxoScope9.0 (Axon). Five traces were averaged, and the common kinetics and amplitude parameters were analyzed
with clampfit 9.0. The amplitude of CS was expressed as the percent
resting cell length.
Ca2⫹ transient and SS were recorded simultaneously with an
epifluorescence inverted microscope using Ionoptix software (Ionoptix, Milton, MA) as previously described (20). Myocytes were loaded
with 2 M of fura-2 AM (Molecular Probes, Eugene, OR) for 20 min
at room temperature before superfusion with Tyrode’s solution and
field stimulated at 0.2 Hz. Ca2⫹ transients were recorded as the
fluorescence ratio at 510 nm in response to excitation from 340 and
380 nm as digitized signals for analysis. The background fluorescence, determined by measuring and averaging the autofluorescence
of randomly selected 6 –9 myocytes not loaded with fura-2, was
subtracted. Steady-state recordings were measured under baseline
control conditions and after exposure to 2-meSATP (Sigma Chemical,
St. Louis, MO). Three to five traces were averaged, and various SS
and Ca2⫹ transient parameters such as amplitude, maximal rates of
rise and fall, time-to-90% peak, and time-to-90% decline were measured using Ionoptix curve-fitting algorithm software as previously
described (7–10, 12, 15, 17, 20).
Echocardiography. Transthoracic echocardiography was performed at 12 wk in all four genotypes: WT, P2X4 receptor Tg, CSQ
Tg, and binary Tg mice. To study the progression of heart failure,
CSQ and binary Tg mice were also investigated at 8 wk of age. Most
of the CSQ mice died by 16 wk, whereas the majority of the binary
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CSQ myocytes had a markedly abnormal cellular contractile
phenotype, showing reduced peak amplitude and a more prolonged duration of CS. The peak rates of shortening and
relaxation were less in the CSQ than in the WT or P2X4
receptor Tg myocytes (Fig. 2). In the CSQ cardiac myocyte,
time-to-90% peak shortening and time-to-90% recovery to
baseline contraction were longer than those in the WT or
P2X4 receptor Tg myocytes. Binary Tg overexpression of
the P2X receptor in the CSQ background partially improved
the abnormal contractile phenotype of the CSQ myocytes. The peak
rates of shortening and relaxation were greater in the binary
than in the CSQ myocytes, which was associated with a shorter
time-to-reach 90% baseline contraction in the binary myocyte
(Fig. 2).
To further characterize the improvement of cardiac myocyte function, simultaneous measurement of SS and Ca2⫹
transients were compared between the binary and the CSQ
myocytes. Binary myocytes showed higher SS amplitude
than CSQ myocytes (Fig. 3). When SS and Ca2⫹ ratios were
normalized to their maximal amplitudes with the peak
values as 100%, it was evident that the binary myocyte had
a shorter duration in both functional parameters. The super-

imposed contraction tracings highlighted greater peak amplitude of SS and a shorter duration of contraction in the
binary myocyte. The restoration of cardiac myocyte function was further supported by data summarized in Table 1.
Binary myocyte, compared with the CSQ myocyte, had a
greater rate of relaxation and a shorter time to recovery to
90% of the baseline in both SS and Ca2⫹ transient. The data
demonstrated a partial reversal of the abnormal contractile
function of the cardiomyopathic myocytes as a result of
cardiac P2X4 receptor overexpression.
Salutary effect of cardiac P2X4 receptor at the intact heart
level. To study whether the improved cardiac myocyte function in vitro is associated with an enhanced intact heart
function in vivo, cardiac contractile performance was determined by echocardiography. CSQ mice exhibited significant
LV dilatation and thinning with impaired FS compared with
those of the WT mice (Fig. 4). P2X4 receptor Tg hearts
showed normal contractility without a hyperdynamic or a
hypercontractile phenotype. However, binary Tg overexpression of the P2X4 receptor in the CSQ hearts was able to
restore the intact heart function toward the level seen in WT
hearts (Figs. 4 and 5). Thus, at the same age of either 8 or

Fig. 3. Characterization of an improved cardiac myocyte
phenotype in the binary heart by simultaneous sarcomere
shortening (SS) and Ca2⫹ transient determinations. Representative traces of Ca2⫹ transients and SS in a 12-wk-old (12W)
CSQ myocyte (left column) and a 12W binary myocyte
(middle column) were shown. Data were typical of 11 CSQ
cardiac myocytes (from 10 mice) and 20 binary cardiac
myocytes (from 17 mice). SS and Ca2⫹ transient were normalized to their maximal amplitudes as percentages and were
superimposed. The superimposed normalized Ca2⫹ transient
(top row) and SS (bottom row) in the right column showed a
faster relaxation in the binary (red line) than the CSQ cardiac
myocytes.
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Fig. 2. Characterization of the kinetics of cell shortening in binary versus CSQ cardiac myocytes. In binary
cardiac myocytes (38 myocytes from 25 mice), peak
rates of cell shortening (A) and cell relaxation (B) were
greater than those in CSQ myocytes (54 myocytes of 28
hearts; P ⬍ 0.05). Time-to-90% peak (C) was similar
between binary and CSQ myocytes, whereas the timeto-90% baseline (D) in binary Tg myocytes was shorter
than that in CSQ myocytes (P ⬍ 0.05 by 1-way
ANOVA followed by posttest comparison). The kinetics of cell shortening, as measured by rates of shortening and relaxation and by times to 90% peak and to 90%
baseline, were similar in WT (34 myocytes from 16
mice) and in P2X4R Tg (45 myocytes from 20 mice)
myocytes. *P ⬍ 0.05 when compared with either WT or
P2X4R Tg by 1-way ANOVA followed by posttest
comparison.
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Table 1. Ca2⫹ transient and sarcomere shortening in binary and CSQ cardiac myocytes
12W P2X4 Tg

12W CSQ Tg

12W Binary Tg

16W Binary Tg

n
Sarcomere shortening, m
Shortening velocity, m/s
Relaxation velocity, mm/s
Time-to-90% peak, ms
Time-to-90% baseline, ms

21
0.11⫾0.007
2.26⫾0.17
1.81⫾0.18
89⫾8.9
176⫾10.9

22
0.11⫾0.008
2.15⫾0.16
1.93⫾0.12
101⫾9.6
188⫾11.8

27
0.066⫾0.003*
1.64⫾0.14*
1.07⫾0.07*
141⫾12.2*
296⫾14.1*

32
0.094⫾0.004*†
1.86⫾0.11
1.37⫾0.06*†
123⫾8.2
255⫾14.8*†

12
0.08⫾0.01
1.66⫾0.08
1.11⫾0.06‡
154⫾11.8
285⫾18.8

Ca transient amplitude, unit
Rising velocity, U/s
Decaying velocity, U/s
Time-to-90% peak, ms
Time-to-90% baseline, ms

0.063⫾0.003
1.40⫾0.11
0.21⫾0.011
54⫾6.6
443⫾37.5

0.065⫾0.003
1.39⫾0.13
0.22⫾0.012
53⫾7.3
431⫾19.7

0.049⫾0.005*
0.94⫾0.11*
0.14⫾0.015*
69⫾7.4
587⫾53.1*

0.053⫾0.006
1.07⫾0.09
0.17⫾0.011*†
65⫾6.9
481⫾24.7†

0.050⫾0.003
0.91⫾0.07
0.13⫾0.01‡
68⫾6.2
553⫾50.2

Values are means ⫾ SE; n, number of cardiac myocytes. Sarcomere shortening and Ca2⫹ transient were measured as described in METHODS. The number
of cardiac myocytes is from wild-type (WT; 10 mice), P2X4 receptor transgenic (Tg; 11 mice), calsequestrin (CSQ; 15 mice), and binary (17 mice). 12W, 12
week old; 16W, 16 week old. *P ⬍ 0.05 compared with 12W WT and P2X4 Tg, one-way ANOVA and Newman-Keuls posttest comparing 12W WT, P2X4 Tg,
CSQ Tg, and binary Tg parameters; †P ⬍ 0.05 compared with 12W CSQ Tg by one-way ANOVA and Newman-Keuls; ‡P ⬍ 0.05 compared with 12W binary
Tg only by unpaired t-test.

12 wk, binary hearts showed less LV dilatation or thinning
and better FS than did the CSQ hearts at the corresponding
age (Fig. 4). As the binary mice aged, they began to show
greater LV dilatation, thinning, and contractile dysfunction.
In fact, the aged binary hearts became more like the younger
CSQ hearts. Data summarized in Fig. 5A showed a clear
progressive decline in FS in both CSQ and binary hearts at
increasing age. Although binary hearts showed better FS at
8 and 12 wk than the CSQ hearts of corresponding ages, by
16 wk, binary hearts had similarly impaired FS as the
12-wk-old CSQ hearts. LVPW thickness (Fig. 5B) and
septal wall thickness (data not shown) showed an identical
pattern of progressive decrease in both binary and CSQ
hearts. However, there was a better preserved LV wall
thickness in the binary than the CSQ hearts at each age. LV

dilatation, measured by LVEDD and LVESD, also showed a
progressive increase in both types of hearts but, again, a
lesser increase in LVEDD or LVESD in the binary than the
CSQ hearts at each age (Fig. 5, C and D). By 16 wk, binary
hearts showed similar extent of LV thinning and dilatation
as the 12-wk-old CSQ hearts. The data demonstrated a
pattern of delayed development of cardiac dysfunction in
the binary hearts.
Comparison of cellular to intact heart properties in binary
versus CSQ hearts. Similar to previous finding (25), CSQ
animals had elevated heart weight-to-body weight ratio
compared with the WT hearts (Fig. 6A). The greater ratio
was associated with a longer cardiac myocyte length in the
CSQ than in the WT hearts (Fig. 6B). P2X4 receptor Tg mice
showed a normal ratio, consistent with our previous finding

Fig. 4. A slower progression of heart failure in binary
versus CSQ hearts by echocardiography. Two-dimensionaldirected M mode echocardiography was carried out as
described in METHODS. Representative M mode echocardiography was shown for hearts from WT, P2X4R Tg, CSQ
Tg, and binary Tg mice at the indicated ages. WT and
P2X4R Tg hearts showed similar fractional shortening (FS)
and left ventricular (LV) dimensions, whereas the CSQ and
binary hearts exhibited a progressive decline of FS and LV
chamber dilatation. However, the binary hearts showed a
slower heart failure progression such that 8-wk-old (8W)
binary hearts had better contractile function with less LV
dilatation than 8W CSQ hearts. Similar data were obtained
in the 12W binary versus 12W CSQ comparison. 12W
binary hearts showed similar FS and LV dilatation as the
8W CSQ hearts. By 16 wk (16W), the binary heart function
declined and became similar to that of the 12W CSQ heart.
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hearts and a subsequent development of myocyte lengthening and cardiac dilatation in the 16-wk binary hearts (Fig.
7B). The data suggested a link between the improvement in
cardiac myocyte properties and that of the intact heart
function. Since the P2X4 receptor is overexpressed in cardiac myocytes of the Tg animals, the data are consistent
with a myocyte origin of the rescuing effect by P2X4
receptor.
DISCUSSION

(5), and a normal cardiac myocyte length. Overexpression of
the P2X4 receptor in the CSQ hearts caused a reduction in
the heart weight-to-body weight ratio and in the cardiac
myocyte length. There was no difference in the cell width
between binary and CSQ cardiac myocytes. Comparison of
cardiac myocyte contractile function, as determined by SS,
to the intact heart contractile FS showed a parallel pattern of
improvement following the overexpression of the P2X4
receptor in the CSQ hearts and a subsequent development of
impaired contractile performance at both cardiac myocyte
and intact heart levels in the older 16-wk binary animals
(Fig. 7A and Table 1). At 16 wk, the binary cardiac myocyte
showed impaired sarcomere relaxation velocity and Ca2⫹
decaying velocity compared with the 12-wk-old binary
myocyte (Table 1). In fact, SS and Ca2⫹ transient properties
of the 16-wk binary myocytes had declined to the level of
the 12-wk CSQ myocytes (Table 1). Similarly, comparison
of cardiac myocyte cell length to the intact heart dimension
of LVEDD showed a parallel pattern of improvement following the overexpression of the P2X4 receptor in the CSQ
AJP-Heart Circ Physiol • VOL

Fig. 6. A: binary hearts showed a decreased cardiac myocyte length and a
reduced heart weight-to-body weight ratio (H/B). H/B was obtained from mice
of each of the 4 genotypes at 12W. The number of mice is indicated within
each column. B: cell lengths in binary and CSQ hearts were measured in
cardiac myocytes isolated from each genotype. The number of myocytes
studied is indicated within each column, and myocytes were isolated from 12W
mice (30 WT mice, 37 P2X4 Tg, 48 CSQ Tg, and 47 binary Tg mice). Data
were means and SE. Binary hearts showed lower H/B than did CSQ hearts.
Binary cardiac myocytes were shorter than CSQ myocytes. **P ⬍ 0.05 when
compared with either WT or P2X4R Tg animals by 1-way ANOVA followed
by posttest comparison.
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Fig. 5. A delay in the thinning of LV posterior wall (LVPW) is a novel feature
of the rescuing effect in the binary heart. Two-dimensional-directed M mode
echocardiography was carried out as described in Fig. 4 legend. The various
echocardiography measures were summarized in CSQ and binary mice as
means and SE. The number of mice studied in each genotype is indicated
within each column. A: FS showed progressive decline in both CSQ and binary
animals as they aged. Between successive age groups, the FS was different in
both genotypes (8W CSQ vs. 12W CSQ, P ⬍ 0.05; 8W binary vs. 12W binary
vs. 16W binary was also significant between any pairs of comparison, P ⬍
0.05, 1-way ANOVA followed by posttest comparison). 8W and 12W binary
hearts showed better FS than CSQ hearts of corresponding ages (P ⬍ 0.05).
16W binary hearts had similar FS as the 12W CSQ hearts (P ⬎ 0.1). B: LVPW
thickness was characterized. A slowing of the LV wall thinning was also seen
in the binary hearts. Results identical to those in A were obtained when LVPW
thickness was compared between successive age groups in each genotype and
when wall thickness was compared in binary versus CSQ mice. Again, by
16W, the LVPW thickness had declined and became similar to that found in
12W CSQ hearts (P ⬎ 0.1). LV dimension at end diastole (LVEDD; C) and at
end systole (LVESD; D) also showed progressive increases in each genotype.
Results identical to those in A were obtained when either LVEDD or LVESD
was compared between successive age groups in each genotype and when
these LV dimensions were compared in binary versus CSQ mice. By 16W, the
LVEDD or LVESD had declined and became similar to those found in 12W
CSQ hearts (P ⬎ 0.1).

Current pharmacological therapy for heart failure is aimed at
blocking neurohormonal activation or at attenuating its effect.
Therefore, drugs such as ␤-adrenergic receptor blockers, angiotensin converting enzyme inhibitor or angiotensin receptor
antagonist, or aldosterone antagonist can inhibit the deleterious
cardiovascular effects of catecholamines, angiotensin II, and
aldosterone, respectively (2A– 4, 13, 14). Despite the success
of neurohormonal blockade, new therapeutic targets for the
treatment of heart failure are still desirable. Recent studies
demonstrated that either cardiac-specific overexpression of a
ligand-gated P2X receptor channel or stimulation with an
exogenous agonist in intact animal can rescue the lethal
cardiomyopathic phenotype of the CSQ Tg mice (19, 25).
Although the activation of the cardiac P2X receptor results
in an increased cardiac contractility, the mechanism of its
rescue effect remains unclear. The present study uses cardiac overexpression of human P2X4 receptors in the CSQ
heart as a binary transgenic model to gain insights into this
rescue mechanism.
A number of lines of evidence support the concept that
reversal of cardiac myocyte dysfunction is a key mechanism
by which the cardiac P2X receptor induces its salutary effect
in lethal heart failure. First, isolated cardiac myocytes from
binary P2X4 receptor/CSQ hearts showed improved function
compared with CSQ cardiac myocytes. Binary myocytes had
an enhanced basal contractile function with higher peak
amplitude of CS and faster rates of cell shortening and
relaxation than did CSQ myocytes. Although the time-to-
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90% recovery of baseline contractile state was longer than
that in WT myocytes, the binary myocytes showed shorter
relaxation time than CSQ myocytes. Second, using simultaneous recording of SS and Ca2⫹ transients as additional
measures of myocyte function, the binary myocyte exhibited
significant improvement in both SS and Ca2⫹ transients
compared with CSQ myocytes of the same age. Similar to
the CS data, peak amplitude of SS and rate of relaxation
were both better in binary than in CSQ myocytes. The Ca2⫹
transient decaying velocity was also faster in binary than
CSQ myocytes. The amount of time needed to recover to
90% baseline contractile state and diastolic calcium level
was both shorter in binary than CSQ myocytes. Finally,
cardiac overexpression of the P2X4 receptor in a normal
nonfailing cardiac myocyte, that is, the P2X4 receptor Tg
cardiac myocyte, had normal function. Whether assessed by
CS, SS, or Ca2⫹ transient, the P2X4 receptor Tg cardiac
myocytes were similar to the WT cardiac myocytes. When
P2X4 receptors were overexpressed in a pathologically diseased failing myocyte, they were able to reverse the abnormal contractile phenotype of the CSQ cardiac myocyte.
Additionally, although cardiac overexpression of P2X4 receptors in a normal myocyte had similar length and width as
WT myocytes, P2X4 receptor overexpression in the CSQ
cardiac myocyte was associated with a lesser degree of cell
lengthening than the CSQ myocyte. Such data link cardiac
P2X receptors causally to a more normal, healthier cardiac
myocyte.
Additional lines of evidence, obtained in the in vivo heart
function study by echocardiography, further supported the
concept that restoration toward a healthier cardiac myocyte
is an important heart failure rescue mechanism. Again, the
P2X4 receptor Tg hearts had normal phenotype in vivo with
similar cardiac function by echocardiography as the WT
hearts. However, cardiac overexpression of the P2X4 recepAJP-Heart Circ Physiol • VOL

tor caused better FS and less LV dilatation in both systole
and diastole than did the CSQ hearts at both 8 wk (preheart
failure stage) and 12 wk (advanced heart failure stage). Of
interest is the finding that cardiac overexpression of P2X4
receptors in the CSQ heart resulted in decreased LV thinning. The binary hearts had greater posterior and septal
thickness than did the CSQ hearts at either 8 wk or 12 wk of
age. The lower heart weight-to-body weight ratio and the
shorter cardiac myocyte cell length in the binary heart
suggested against cardiac hypertrophy of the binary heart as
a reason for its greater LV thickness. Possible explanations
for a greater LV thickness are unknown and deserve further
investigation.
The ability to characterize cellular and intact heart functions
at various ages permitted the opportunity to study the effect on
heart failure progression as a result of cardiac P2X receptor
overexpression. Although the binary animals showed improved
cellular and intact heart functions at 8 and 12 wk, they
exhibited significant decline as the heart failure progressed. By
16 wk, the cellular and intact heart functions of the binary
animals became as abnormal as those seen in the 12-wk-old
CSQ mice. Thus the beneficial effect of cardiac P2X receptors
in heart failure appears to be the result of a delay in its
progression. Overall, cardiac P2X receptor overexpression in
the severely cardiomyopathic CSQ myocytes restored the
markedly abnormal myocyte toward normal function in parallel with an improved intact heart function. The study suggests
a unique heart failure rescue mechanism, one of a reversal of
myocyte dysfunction and a delay in heart failure progression.
Targeting the restoration of abnormal cardiac myocytes may be
a new approach to treat heart failure.
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Fig. 7. Comparison of cellular to intact heart
properties in binary versus CSQ hearts. Cardiac
myocyte contractile function and cell length, measured in vitro (left column), were compared with
FS and LVEDD measured in vivo (right column)
at the indicated ages for binary and CSQ animals.
A: SS (32 myocytes from 17 mice) and FS in 12W
binary hearts (n ⫽ 26) were both larger than the
SS (27 myocytes from 15 mice) and the FS in
CSQ (n ⫽ 29) hearts at 12W. When the binary
animals advanced to 16W, there was a significant
decrease in FS compared with that in 12W binary
animals (P ⬍ 0.05, 1-way ANOVA followed by
posttest comparison). B: resting cell length of 12W
binary cardiac myocytes (86 myocytes from 47
binary mice) and LVEDD in 12W binary hearts
(n ⫽ 26) was both less than the corresponding cell
length (87 myocytes from 48 mice) and LVEDD
(n ⫽ 29) of 12W CSQ animals. At 16W, the cell
length of binary myocytes (12 myocytes from 8
mice) became longer than that of the 12W binary
myocytes (P ⬍ 0.05) and was similar to that of the
12W CSQ myocytes (P ⬎ 0.1, 1-way ANOVA
followed by posttest comparison). Similarly, the
LVEDD of 16W binary mice (n ⫽ 12) also increased compared with that of 12W binary hearts
(n ⫽ 26; P ⬍ 0.05) and became similar to the
LVEDD of the 12W CSQ hearts (P ⬎ 0.1, 1-way
ANOVA followed by posttest comparison).
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