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Abstract
Increase of afterload induces cardiac hypertrophy leading to contractile failure and dilation. Atria to
receive venus return should adapt to such mechanical changes including shear stress. However, the atrial
cell responses to shear stress are poorly understood. Recent evidence suggests that atrial myocytes
release ATP fast under shear stress via connexin43 (Cx43) hemichannels, which triggers action potentials
and Ca2+ waves. We explored cellular mechanism for graded depolarization under shear stress and its
implication on atrial pathogenesis during progressive increase in afterload. Using whole-cell patch clamp
combined with micro �uid-jet system, we found in rat atrial myocytes that shear stress activates non-
selective cation currents (IS,Cs) that were enhanced by zero external Ca2+, but eliminated by La3+, high
concentrations of carbenoxolone, anti-Cx43 antibodies, TAT-Gap19 or Cx43 conditional knockout (cKO),
suggesting a key role of Cx43 hemichannel. Intracellular calcein �uorescence imaging to assess gap
junction hemichannel activity revealed that shear stress induces a calcein e�ux from atrial myocytes
which was increased by zero external Ca2+ and suppressed by Cx43 hemichannel inhibitions (La3+,
Gap19 or Cx43 cKO). The IS,Cs was eliminated by ATP-metabolizing apyrase and suppressed by
antagonists of P2 receptors, mainly P2X4 receptor (P2X4R), indicating a role of autocrine P2X4R
activation. Furthermore, in a rat model of left atrial (LA) hypertrophy, induced by transverse aortic
constriction (TAC) for 5-weeks, IS,Cs and its P2X4R current component, and P2X4R protein level were
largely increased with unaltered hemichannel function. In severely dilated left atria following 20-week-
TAC, Cx43 hemichannel activity and P2X4R-currents of IS,Cs were attenuated again with lowered protein
levels for Cx43 and P2X4R. Cx43 hemichannel-P2X4R signaling could account for increase of atrial
excitability under shear stress. Characteristic alterations in this response during progressive pressure
overload suggest that it plays a role in atrial compensatory adaptation to hypertension.

Introduction
Cardiac muscles are subjected to mechanical stimuli during cardiac cycles, which, in turn, affects
excitation and contraction [1, 2]. Atria play a role in sensing pressure at the position to which blood from
other body organs returns. Increase in atrial pressure is known to release atrial natriuretic peptide (ANP)
to accelerate water excretion from the kidney and balance blood-volume and -pressure [3]. Atrial
enlargement is clinically associated with hypertension, heart failure and valve diseases, the major causes
of atrial �brillation [2, 4, 5]. Under these conditions mechanical stresses increase, and the responses to
stretch has been well documented. Atrial myocytes are also exposed to �uid shear stress during each
beat by the relative movement of laminar sheets and adjacent cells [6–8]. Pressure overload (PO) and
volume overload involve signi�cant increase in interstitial �uid shear in cardiac muscle during cardiac
cycles due to detachment of myocytes from the extracellular matrix and myocyte slippage [6–9].
However, the effects of shear stress on cardiac muscle and their pathophysiological roles are poorly
understood.
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A line of recent evidence has suggested that shear stress increases spontaneous Ca2+ releases in atrial
and ventricular myocytes [10, 11], triggers propagating action potentials (APs) in culture [12], and
increases the beating rate of neonatal ventricular myocytes [13]. Use of single-cell approach to apply
shear stress in combination with real-time two-dimensional Ca2+ imaging and reporter patch to detect
ATP, it has been revealed that shear stress immediately releases ATP from intact atrial myocytes, thereby
triggering spontaneous AP and fast Ca2+ release in atrial myocytes [14, 15]. The shear-induced ATP
release in atrial cell is suggested to be mediated by connexin43 (Cx43) hemichannels among the several
mammalian ATP release pathways [14, 15]. However, the mechanisms for graded depolarization to trigger
AP under shear stress remain to be proven. In this regard, we have previously discovered in atrial
myocytes that sustained monovalent cation currents via transient receptor potential melastatin 4
(TRPM4) channels are activated by shear stress-induced Ca2+ release [16]. Inhibition of TRPM4 or stretch-
activated cation channel, however, did not suppress the shear-stress-induced Ca2+ waves, associated with
membrane depolarization [15]. Interestingly, such Ca2+ signals were sensitive to the antagonists of P2X-
or P2X4-receptor (P2X4R) or to enzymes metabolizing external ATP [14, 15].

Therefore, in the present study, we tested the hypothesis that shear stress activates Cx43 hemichannels
to induce autocrine activation of P2X4R, thereby generating depolarizing currents at diastolic potential in
atrial myocytes, and further explored its implication in atrial adaptation and pathogenesis under
progressive increase in afterload. We used the whole-cell patch clamp technique to record shear-induced
cation currents in atrial myocytes and used confocal imaging to measure dye �ux through gap junction
hemichannels under shear stress. Shear stress was applied to single cells using rapid �uid micro-jet
apparatus [14, 15], and genetic and pharmacological interventions and immunoblotting were also
adopted. We used a rat model of pathological left atrial (LA) hypertrophy and failure induced by
transverse aortic constriction (TAC) for short- and long-duration, respectively. We demonstrated that shear
stress induces Cx43 hemichannel activation to trigger cation in�ux through the P2X4R in resting atrial
myocytes at diastolic potentials. In addition, this response was signi�cantly enhanced during atrial
compensatory hypertrophy under (PO) but decreased again with atrial contractile failure under long-term
PO.

Materials And Methods
An expanded Methods section is provided in the Online Resource.  

Conditional knockout (cKO) mice 
A commercially available C57BL/6 Cx43�ox mice line (Jackson Laboratory; B6.129S7-Gja1tm1Dlg/J, stock
number 008039; loxP sites �ank exon 2 of Gja1) [17] was used. For Gja1 deletion, mice were
intraperitoneally injected 5 consecutive days with tamoxifen (TAM) (Cayman Chemical; 3 mg dissolved in
corn oil with 10% ethanol; giving an approximate tamoxifen dose of 0.075 mg/g body weight [18]). Mice
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14 days post-TAM were used for the experiments. As a control, C57BL/6J mice (Jackson Laboratory)
injected with the same TAM injection protocol were used.  

TAC in rats and transthoracic echocardiography
TAC was used [19] to induce LA hypertrophy and dilation in rats. Additional details are provided in the
Data Supplements. Atrial dimensions were measured using 2-D guided B-mode parasternal long-axis view
during simultaneous surface electrocardiograph recording (S-Sharp, S-Sharp Corporation, New Taipei City,
Taiwan). 

Cell isolation
Atrial myocytes were enzymatically isolated from normal male Sprague-Dawley rats (200–300 g;
RaonBio, Seoul, Korea), TAC and sham rats, and from control and Cx43 cKO mice using retrograde
Langendorff perfusion method as previously described [10]. This study conforms with the Guiding
Principles for the Care and Use of Experimental Animals published by the Korean Food and Drug
Administration and Animal and Plant Quarantine Agency in South Korea. The experimental protocols
were approved by the Animal Care and Use Committees of the Chungnam National University, South
Korea (No. CNU-00992).  

Application of shear stress
Shear stress was applied onto single cells using micro-jet apparatus as previously described [10].
Pressurized �ows of external solutions were applied onto the single myocytes through a microbarrel
(internal diameter = 250 μm) the tip of which was placed at ≈150 μm from the cell and was connected to
�uid reservoirs with different heights (5~40 cm). The shear stress (dyn/cm2) was calculated as
previously described [20]. We generally used ~16 dyn/cm2 (equal to 0.16 N/m2; 40-cm reservoir heights)
which consistently generated global Ca2+ waves in atrial myocytes with no movement of the cells [21].
The positioning of the microbarrel was performed under microscope using a micromanipulator (Prior
England 48260). 

Measurement of shear-induced cation currents  
Membrane currents were recorded using the whole-cell con�guration of the patch-clamp technique using
an EPC7 ampli�er (HEKA Elektronik, Germany) as previously described [16]. Before applying shear,
conditioning pulses from -80 mV to -10 mV were continuously applied to the cells to maintain the
sarcoplasmic reticulum Ca2+ load in the normal Tyrode's solutions composed of (in mM) 137 NaCl, 5.4
KCl, 10 HEPES, 1 MgCl2, and 10 glucose, 2 CaCl2 (pH 7.4). Measurement of shear-activated current was
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generally carried out in the external solutions containing (mM) 137 CsCl, 10 HEPES, 1 MgCl2, 10 glucose,

2 CaCl2 (pH = 7.4), with ~4 min intervals. Pu�ng solutions to apply shear stress contained 2 mM Ca2+ or

zero Ca2+ (with 1 mM EGTA) as described in the �gures and legends. Cs+-rich pipette solutions contained
(in mM) 137 CsCl, 10 HEPES, 5 MgATP, 1 MgCl2 with the pH adjusted to 7.2. For K+-rich internal solution,
137 mM CsCl was replaced with equimolar KCl (Fig. 1). In some experiments, anti-Cx43 antibodies
(monoclonal, mouse, MiliporeSigma, C8093, 1:2000) and scramble for control were added to the pipette
solutions. Similarly,  anti-P2X4R antibodies (Rabbit polyclonal, 1:1000 dilution, epitope: intracellular, a.a.
370-388 of rat P2X4R; APR-002, Alomone labs, Jerusalem, Israel) and/or blocking peptides were added to
the pipette solutions. Generation of the voltage-clamp protocol and acquisition of the data were carried
out using pClamp software (v9.0, Molecular Devices, Foster City, CA, USA) via an A/D converter (Digitata
1440, Molecular Devices). The current signals were �ltered (10 kHz) and analyzed using Clamp�t 10.3
software and OriginPro 8.1 SR1 software (OriginLab Corporation, Northampton, MA, USA). The
experiments were performed at room temperature (22–25°C). 

Dye �ux measurement   
For dye e�ux assay, cells were loaded with 2 mM Ca2+-containing Tyrode's solutions (see
above) supplemented with 0.1 μM calcein Red/Orange acetoxymethyl ester (Thermo Fisher Scienti�c-
Molecular Probes, Eugene OR, USA) for 20 min, and then washed by superfusion with Tyrode's solutions
for 10 min. Two-dimensional images were recorded at 0.2 Hz using a confocal laser scanning
microscope (Nikon A1, Japan). Fluorescence images were analyzed with a software NIS-Elements AR
(v3.2, Nikon), OriginPro 8.1 (Origin Lab Corporation) and GraphPad Prism 8. Fluorescence (F) measured
immediately before the application of shear stress was considered as F0. The F was normalized by F0 to
show a decrease (e�ux) of F by shear stress.      

Western blotting  
To examine expression levels of P2X4R, Cx43, ANP and phosphorylated Cx43 at S368 (pS368-Cx43) in
atrial muscles Western blotting was performed as previously described [14]. Approximately 15-30 μg of
total proteins were run on 10% SDS-polyacrylamide gel. The proteins were transferred onto a
nitrocellulose membrane, and the blots were sequentially probed with primary and secondary antibodies
using standard Western blot protocol (Online Data Supplements). All blots were imaged and quanti�ed
using a Chemi-luminescence Bioimaging Instrument (CHEBI) (Cellgenetek, South Korea). 

Statistics  
Statistical analyses were performed with Microsoft Excel, GraphPad Prism 8, and OriginPro 8.1. The
numerical results are presented as means ± standard error of the mean (S.E.M.). n indicates number of
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cells used. Paired or unpaired Student's t-tests with Bonferroni correction were used for statistical
comparisons depending on the experiments. Comparisons between groups were made using one-way or
two-way ANOVA with post hoc or repeated measures depending on the experiments. Differences at P <
0.05 were considered to be statistically signi�cant.

Results

Shear stress immediately triggers nonselective cation
currents in atrial myocytes 
Transient inward current was recorded in rat atrial myocytes at resting potentials during the application of
shear stress (IS) following a series of conditioning pulses (Fig. 1A). The IS were dramatically increased

and prolonged when external Ca2+ was removed from pu�ng solutions, while it was slightly reduced at
10 mM external Ca2+ concentrations (Fig. 1B). Next, we examined what types of ions contribute to IS by
substitutions of major cations in the external solutions with choline. Results presented in Fig. 1C and 1D
show that Na+ and K+ are the major ions to carry IS at -70 mV. The results in Fig. 1E and 1F obtained

using high Ca2+- and low Na+-external solutions represent that Ca2+ also can contribute to IS.  

Because shear-activated currents were nonselective cation currents we used symmetrical CsCl solutions
and zero-Ca2+ pu�ng solutions to better isolate and maximize the current for further mechanism study.
Transient inward Cs+ currents were observed under shear application (IS,Cs), and they were consistently

enhanced with zero-Ca2+ solutions (2–4-fold; Fig.1G). Measurements of IS,Cs at varying shear forces (1.4–

16 dyn/cm2) revealed that the IS,Cs were activated faster and more strongly as the strength of shear stress

increased, reaching maximum at ~10 dyn/cm2 (Fig. 1H, I).  

Nonselective cation currents are induced by Cx43
hemichannel activity under shear stress  
Our previous report suggested that ATP releases from atrial myocytes under shear stress are mediated by
Cx43 hemichannels [14, 15]. Therefore, a possible role of Cx43 hemichannels in the activation of IS,Cs

were further examined. Pretreatment of La3+ (2 mM) that non-selectively suppresses gap junction
channels almost completely suppressed IS,Cs (Fig. 2A). IS,Cs was eliminated by the application of high
concentrations (50 µM) of carbenoxolone (“CBX”) that suppresses gap junction channels, Cx and
pannexin (Px) (Fig. 2B). Blockade of Px using probenecid (800 µM) did not alter IS,Cs (Fig. 2C), which also

excludes the possibility that Cx-mediated intracellular Ca2+ increase secondarily activates Px [22]. Lack of
the effect of external Ca2+ on Px [23] is also inconsistent with the property of IS,Cs. Low external Ca2+

solutions can enhance the activity of calcium homeostasis modulator 1 (CALHM1). However, CALHM1 is
known to insensitive to CBX [24], which excludes its contribution to IS,Cs. TRPM4 is activated by prolonged
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shear stress via intracellular Ca2+ releases [16]. The TRPM4 inhibition using 9-phenanthrol (9-PT)
decreased IS,Cs by ~25% (Fig. 2D). 

The role of Cx43 hemichannel in the generation of IS,Cs was further examined by the inhibition of Cx43
using an anti-Cx43 antibody of Cx43. IS,Cs was almost completely blocked by dialysis with internal
solutions containing the Cx43 antibodies (400 ng/ml) for 15 min (Fig. 2E, F; “Cx43 Ab”). When the same
experiments were performed in cells dialyzed with scramble as a control, IS,Cs was not signi�cantly
reduced up to 15-min-dialysis (Fig. 2E, F). Note that IS,Cs measured in control internal solutions were
slightly larger than those detected in cells dialyzed with scramble-containing internal solutions (Fig. 2E,
F).  

Next, we used Cx43 cKO mice to further con�rm the speci�c role of Cx43 in the activation of IS,Cs. Cx43
expression was reduced to ~20% in Cx34 cKO mice using the present TAM injection protocol (Fig. S1).
The peak magnitudes of IS,Cs in atrial myocytes from Cx43 cKO mice were much smaller than those
measured in control mouse atrial cells (Fig. 2G). Shear-induced cation currents were similarly eliminated
by Cx43-speci�c siRNA in HL-1 atrial cells (Fig. S2). To con�rm the role of Cx43 hemichannel in the
activation of IS,Cs, we used TAT-Gap19 that inhibits Cx43 hemichannels without blocking Cx40 or Px1
hemichannel [25, 26]. External application of TAT- Gap19 suppressed IS,Cs in a concentration dependent
manner with an almost complete inhibition at 60 µM (Fig. 2H). Taken together, these data indicate a key
role of Cx43 hemichannels in the activation of IS,Cs.  

Shear stress induces a dye �ux via Cx43 hemichannels in
atrial myocytes
To address the activation of Cx43 hemichannels by shear stress in atrial myocytes we performed live-cell
imaging for Cx-permeable �uorescent dye (calcein-red/orange). In the dye-loaded cells cellular
�uorescence was immediately decayed by the application of shear stress with 2 mM Ca2+-containing
Tyrode’s solutions (Control in Fig. 3A, B). To compare the effects of several interventions the time courses
of averaged calcein �uorescence, measured in multiple cells, were normalized to control levels and
presented. In addition, dye e�ux rate was estimated as %DF/F0 per min to compare the peak shear
effects. Results in Fig. 3B and 3C show that shear-induced dye e�ux was accelerated to ~300% of the
control by the removal of extracellular Ca2+ (“Ca2+-free”) and it was almost completely suppressed by the
application of La3+, but not by Px blockade (“probenecid”).   

The next series of experiments were carried out using pu�ng solutions containing zero extracellular Ca2+

as a control under repetitive applications of 1-min-long shear stress in the same myocytes to further
investigate the pathway of dye e�ux under shear stress. Calcein signal decay in the absence of shear
stress (“no shear”) was much lower than that in the presence of shear stress (Fig. 3D, E). After the
myocytes were treated with 10 µM CBX, that blocks Px more selectively than Cx [23], shear-mediated dye
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e�ux was not signi�cantly altered (Fig. 3D, E). This result con�rms that Px does not contribute to shear-
mediated calcein e�ux in these myocytes. 

In atrial myocytes preincubated with Gap19, there was no signi�cant shear-dependent calcein e�ux, in
that the calcein signals measured without (“no shear, Gap19”) and with shear stimuli (“1st and 2nd shear,
Gap19”) were similar (Fig. 3F, G), suggesting a role of Cx43 hemichannels on shear-induced calcein
e�ux. Using Cx43 cKO mice, we con�rmed that shear-stress-induced calcein e�ux was negligible in atrial
myocytes lacking Cx43 (Fig. 3H, I). In contrast, in atrial cells from control mice, shear stress continued to
induce signi�cant dye e�ux, which was not altered by probenecid (“2nd shear, prob") (Fig. 3H, I). These
results suggest the activation of Cx43 hemichannels by shear stress in atrial myocytes. 

Autocrine activation of P2 receptors mediates IS,Cs: a major
role of P2X4R
Since Cx43 hemichannels mediate ATP release from atrial myocytes under shear stress [14], P2 receptors
can be activated in an autocrine mode. Therefore, we tested whether P2X receptors that carry cations are
activated in this way and contribute to IS,Cs. When ATP was removed by external application of apyrase
IS,Cs were completely suppressed (Fig. 4A). When P2 receptors were suppressed by suramin (10-30 mM),
IS,Cs were reduced by ~75% (Fig. 4B, G). Application of the P2XR-selective antagonist iso-PPADS at the
concentrations of 10-100 mM reduced IS,Cs by 55%-60% (Fig. 4C, G). Inhibition of the P2Y1 receptor
(P2Y1R) using MRS2179 (400 nM) reduced the current by 20-30% (Fig. 4D, G). Additional application of 9-
PT did not further suppress the current, suggesting that TRPM4 may be a downstream effector molecule
under the activation of P2Y1R. These results suggest that autocrine activation of P2XR and P2Y1R may
be responsible for most of cation in�ux at diastole under shear stress, with a major contribution by
P2XRs. 

          Moreover, to identify the P2XR subtype to carry the IS,Cs pharmacological interventions were further
used. Since P2X4R and P2X5R are abundant in rat atrial myocytes [14], their contributions to IS,Cs were
examined with dialyzing their antibodies (400 ng/ml) into the myocytes through the patch pipettes.
Results in Figure 4E show that introduction of anti-P2X4R antibodies into the cells suppressed IS,Cs by
~50% within 15 min of dialysis. In contrast, dialysis of cells with the P2X4R antibodies together with their
antigenic peptides as a control did not signi�cantly alter the currents (Fig. 4E). When the same
experiments were carried out using anti-P2X5R antibodies, IS,Cs were not signi�cantly reduced by
introduction of the antibodies (Fig. 4G; Fig. S3). 

Furthermore, selective inhibition of P2X4R with its antagonist 5-BDBD reduced IS,Cs by 50%-60% (Fig. 4F,
G) at its maximally effective concentration (10 mM) [27, 28]. Consistently, PSB-12054, another P2X4R
antagonist [29], inhibited IS,Cs in a concentration-dependent manner with a maximal suppression of ~40%
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at 3 µM (Fig. S4, Fig. 4G). Altogether, these results suggest that P2X4R is a major subtype responsible for
P2XR component (~50%) of IS,Cs.    

Atrial hypertrophy and dilation induced by short- and long-
term TAC
PO such as hypertension is one of leading causes of atrial hypertrophy that leads to depressed atrial
contractility in patients and represents an important risk factor for atrial �brillation, thromboembolic
stroke, and HF. Under these pathologic conditions, atria are subjected to higher shear stress. Next, we
investigated whether IS,Cs and Cx43-P2X4R signaling under shear stress are altered as atrium undergoes
remodeling with gradual increase in afterload using a TAC rat model. Transthoracic echocardiography
results represent that TAC for 5 weeks produced typical LV hypertrophy, in which ejection fraction (EF;
+20%, P < 0.01), fractional shortening (FS; +40%, P < 0.01), and wall thickness (+40%, P < 0.001) were
increased (Fig. S5). At 5-week-TAC, the LA chamber was slightly, but signi�cantly, dilated compared with
the sham (+30%, P < 0.05; Fig. 5A, B). The FS of LA in the 5-week-TAC rats were not altered (Fig. 5B).
Measurement of membrane capacitance using whole-cell patch clamp showed ~two-fold increase in
atrial cell surface area after TAC for 5 weeks (+100%, P < 0.001; Fig. 5B). 

At ~20 weeks after TAC surgery, left ventricle showed HF characteristics, such as lower ventricular EF and
wall thickness, and larger LV inner diameter (Fig. S5). After 20-week-TAC, LA dilation became more severe
(+70%, P < 0.01 vs. sham; Fig. 5A, B) and contractility of LA was lower than that in the age-matched sham
group (-50%, P < 0.05; Fig. 5B). The capacitances of LA cells were not further changed after 20-week-TAC
(Fig. 5B).  

IS,Cs and its P2X4R component increase during
compensatory hypertrophy but decrease with depressed
atrial contractility under chronic TAC  
Comparison of LA IS,Cs revealed approximately two-fold increase in IS,Cs density during compensatory
hypertrophy (upper panels of Fig. 5C; Fig. 5D, “Control”). Inhibition of IS,Cs by 5-BDBD (10 µM) (by ~50%)
was not altered in these hypertrophied LA cells (Fig. 5C, D, upper panels), which results larger 5-BDBD-
sensitive IS,Cs in these LA cells (sham, 0.81 ± 0.21 pA/pF, n = 12; TAC, 1.4 ± 0.33 pA/pF, n = 11, P < 0.05)
(Fig. 5C, D). During HF IS,Cs of LA cells were decreased again (lower panels in Fig. 5C, D), resulting in no
difference in the IS,Cs from LA cells from sham rats (Fig. 5C, D). Furthermore, IS,Cs in 20-week-sham LA
cells were larger than those from LA cells of 5-week-sham rats. At this stage, ~50% of IS,Cs in LA cells
were still sensitive to 5-BDBD in sham group while smaller (~40%) fraction of IS,Cs was suppressed by 5-
BDBD in TAC group (Fig. 5C, 5), resulting in a reduction of 5-BDBD-sensitive IS,Cs (P2X4R current) in failed
LA cells (sham, 0.97 ± 0.18 pA/pF, n = 15; TAC, 0.71 ± 0.22 pA/pF, n = 10, P < 0.05). Altogether, these
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results suggest that IS,Cs may be a compensatory mechanism that is enhanced during LA remodeling
under PO, and that this shear response is ameliorated with severe LA dilation during HF.

Next, we investigated whether P2X4R protein expression in LA muscle is changed in short- and long-term-
TAC rats. Results on Figure 5E and 5F show that the expression of P2X4Rs in RA and LA muscles
signi�cantly increased during hypertrophy, consistent with larger P2X4R-sensitive currents at this stage.
Note that the P2X4R expression is signi�cantly higher in old (20 week) sham atrial muscle compared to
that of younger sham (5 week). In contrast, the levels of P2X4R proteins in LA- and RA-muscles during HF
were signi�cantly lower than those from the age-matched control group (Fig. 5E, F, lower panels),
consistent with the reversal of IS,Cs and decrease of 5-BDBD-sensitive P2X4R current in failed LA
myocytes. We observed a similar tendency in the changes of magnitudes of IS,Cs and 5-BDBD-sensitive
currents in RA myocytes by short- and long-term TAC, although the fraction of 5-BDBD-senstivive current
was signi�cantly larger in RA myocytes compared to LA myocytes (Fig. S6). Taken together, the results
suggest that short-term PO increases P2X4R-mediated cation currents, at least in part, via upregulation of
P2X4R protein expression, and that long-term PO attenuates IS,Cs and P2X4R function. In addition,
expression of P2X4Rs and their functions may increase with aging, which may cause a reduction in
internal P2X4R pool to be immediately regulated by shear stress.  

Attenuation of shear-activated Cx43 hemichannel activity in
atrial myocytes during HF  
The changes of IS,Cs in LA myocytes by PO can be caused by alterations in the activity of Cx43
hemichannels. Next, we examined whether Cx43 hemichannel-mediated calcein e�ux under shear stress
is altered during compensatory hypertrophy and HF. The results shown in Figure 6A and 6B present
calcein signal-averages measured in multiple RA- and LA- myocytes from 5- and 20-week-TAC rats and
from their age-matched sham rats. During PO-induced hypertrophy shear-induced calcein e�ux was not
altered in RA and LA myocytes. 

During HF, LA myocytes showed signi�cantly lower shear-induced calcein e�ux than the age-matched
sham group (“20-wk, shear”, Fig. 6B, D). The RA cells from 20-week-TAC rats also showed a similar
tendency, with less reduction in the calcein e�ux under shear stress (“20-wk, shear”, Fig. 6A, C). Notice
that the shear-induced calcein e�ux rate was generally 20~30% higher in RA cells compared with LA
myocytes (Fig. 6). There were no age-dependent changes in the magnitude of calcein e�ux in LA and RA
myocytes from sham groups (compare 5-week and 20-week sham in Fig. 6). The results indicate that
shear-induced Cx43 hemichannel activity may be maintained during compensatory phase, and that this
response is ameliorated with severe atrial dilation under chronic PO.     

Alteration in expression and phosphorylation of Cx43 by
short- and long-term TAC 
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Next, we investigated whether the alterations of shear-induced Cx43 hemichannel function by PO are
caused by remodeling in Cx43 protein expression using immunoblotting method. Results in Figure 6E and
6F show that total Cx43 expressions were not changed in RA and LA muscles during hypertrophy, while
they were signi�cantly decreased under HF. This result was consistent with the functional changes in
Cx43 hemichannels in atrial cells under hypertrophy and HF (Fig. 6 A-D). Note that the levels of ANP
expression were gradually increased in both RA- and LA-tissues by PO (Fig. 6E, F; “ANP”). Overall ANP
protein expressions were higher in LA tissue than RA tissue. 

We further assessed the phosphorylated form of Cx43 at Ser368 (pS368-Cx43), a known protein kinase C
(PKC) site [30-32], because PKC is a downstream signaling molecule activated by shear-P2Y1R signaling
in atrial myocytes [21]. This phosphorylation is also thought to contribute to the localization and
remodeling of Cx43 in cardiac muscle [33]. The levels of pS368-Cx43 were increased only in the LA
muscles by PO (Fig. 6E, F) and much lower in older LA muscles (Fig. 6E, F). The results on the alteration
of pS368-Cx43 indicates that this phosphorylation is PO-dependently regulated in LA muscle.

Discussion
The results obtained in the present study demonstrate a novel depolarization mechanism of Cx43
hemichannel-P2X4R signaling via ATP release in atrial myocytes under shear stimulus and provide new
evidence for its association with compensatory atrial hypertrophy and atrial failure under progressive
increase in afterload. It has been consistently shown that shear stress induces ATP release via Cx43
hemichannels, and subsequent P2 receptor activation, thereby triggering AP and global Ca2+ waves in
atrial myocytes [14, 21]. Therefore, the identi�cation of depolarization mechanism under shear stimulus
at diastole, and its characteristic enhancements during compensatory remodeling against increased
afterload, with a reversal by prolonged PO, might open new avenues toward the establishment of
therapeutic strategies to prevent hypertension-induced atrial remodeling and progression to severe atrial
dilation.

The physiological function and activation mechanisms of Cx hemichannels in the heart have been poorly
understood. Using a dye �ux assay combined with pharmacological and genetic tools to selectively
suppress Cx43 hemichannels we demonstrate, for the �rst time, activation of Cx43 hemichannels by
shear stress in atrial myocytes (Fig. 3). Cx43 expressed in mammalian expression systems have shown a
signi�cant current mostly at positive potentials [34]. Consistently, in the presence of apyrase, the whole-
cell cation currents recorded in atrial myocytes at −70 mV under shear stress were negligible (Fig. 4A).
Therefore, in the present study, dye �ux assay was adopted to measure Cx hemichannel activation in
intact resting atrial cells under shear stress. A line of recent reports in ventricular myocytes support that
Cx43 hemichannels can be activated at negative potentials under other types of interventions including a
genetic defect in plakophilin-2 [18], metabolic stress [35] and Ca2+ releases (by caffeine, adrenergic stress
and pacing) [36]. In addition to these stimuli, mechanical activation of Cx43 hemichannels and Cx46 has
been reported in other cell types or in the mammalian expression systems [37, 38]. Direct
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mechanosensitivity by Cx43 hemichannels, however, has not been proven, although this is the case for
Cx46 hemichannels [37].

The shear stress-induced whole-cell cation currents in resting atrial myocytes were dramatically inhibited
by Cx43 hemichannel blockade or Cx43 cKO (Fig. 2). However, the currents were eliminated by apyrase,
and also suppressed by P2XR- or P2X4R-blockers, suggesting a major role of autocrine P2X4R activation
(Fig. 4). P2X4R-mediated cation (most likely Na+) in�ux under physiological conditions may cause
membrane depolarization and subsequent increase in cytosolic Ca2+ concentrations (Fig. 7). In addition,
P2X4R-mediated Na+ accumulation in the cytosol can cause cytosolic Ca2+ increase via modulation of
the Na+−Ca2+ exchanger, which may result in positive inotropy. Such cellular mechanism as well as large
enhancements in IS,Cs and P2X4R current fraction during LA compensatory hypertrophy suggest that
shear-mediated cation currents via P2X4R may improve LA contractility and beating to effectively empty
LA chamber against ventricular hypertrophy at end-diastole. Amelioration of this compensatory response
with more prolonged hemodynamic overload appears to be associated with downregulations of P2X4R
and Cx43 in dilated LA muscle (Figs. 5, 6 and 7). In vitro examination to test the effects of prolonged (20
to 50 min) laminar shear stress in a �eld of isolated rat atrial cells and cultured HL-1 atrial cells showed
signi�cant increase in P2X4R expression (Fig. S6), supporting remodeling of shear-P2X4R signaling in
short-term TAC rats is caused by afterload-associated shear stress. A role of P2X4R as a positive
regulator of cardiac muscle function has been previously suggested in ventricle. In this regard, P2X4R-
overexpressing mice, ventricular ejection function was improved, and ventricle cell current was increased
by external ATP application [39]. Conditional cardiac-speci�c P2X4R KO has consistently shown
depressed ventricular contraction in post-infarct and PO models of heart failure [40].

The shear-stress-induced immediate cation currents and dye e�ux in atrial myocytes were not sensitive
to Px blockades (Figs. 2C, 3B, 3C, and 3D), which is distinguished from the stretch response in cardiac
muscle involving Px activation [41]. Activation of Px can also mediate ATP- and UTP-release in stretched
cardiac cells [41, 42], which has been suggested to induce ventricular �brosis via P2Y6 receptors [42] and
recruitment of immune cells [41]. Possible role of Px in ventricular shear signaling remains to be explored.

Total Cx43 protein expressions were not altered under compensatory hypertrophy when there was no
signi�cant change in shear-induced calcein e�ux (Fig. 6). The levels of total Cx43 proteins were reduced
in both RA and LA muscles under HF (Fig. 6), where shear-induced calcein e�ux was decreased (Fig. 6).
Therefore, the level of total Cx43 expression appeared to be correlated with the level of Cx43 hemichannel
activity under shear stress. However, the pro�le of the magnitudes of calcein �ux in RA- versus LA-
myocytes under shear was different from their pro�les on the levels of Cx43 phosphorylation at S368
(Fig. 6). Overall age-dependent reduction in Cx43 phosphorylation were also observed upon comparison
between 5- and 20-week atrial muscles (Figs. 6 and S7), suggesting decrease of phosphorylation
machinery or increase in dephosphorylation mechanism by aging. Such changes in
phosphorylation/dephosphorylation capacity may be one of the reasons for less increase in Cx43
phosphorylation status under HF (Figs. 6 and S7).
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In the failed rat LA myocytes, the Cx43 hemichannel activity induced by shear stress was signi�cantly
lower than that in the sham-operated atrial myocytes (Fig. 6). However, recent report by De Smet et al. [36]
showed increased Cx43 hemichannel activity, induced by Ca2+ releases by caffeine, pacing and
adrenergic stimulation, in intercalated disc of failing human ventricular myocytes [36]. In fact, the
intracellular Ca2+ buffering using high concentrations of BAPTA did not suppress Cx43 hemichannel-
mediated ATP release under shear stress, such that shear-dependent Cx43 hemichannel is not necessarily
preceded by intracellular Ca2+ release [15], although it rather induces Ca2+ waves and depolarizations [15,
21]. The different observations in the hemichannel activity in failing human ventricular myocytes under
Ca2+ increases [36] and rat atrial myocytes by shear stress may be related to different stimuli (shear vs.
Ca2+ release)-dependent signaling compartmentalization and/or distinct cardiac area (atrium vs
ventricle) and to species. Similar to ventricular myocytes, atrial cells have abundant gap junctions with
step-like and straight-end intercalated discs, but often also show side-to-side junctions with lateral
distribution [43] that could be the regions to be more strongly altered during shear stress.

The present results on the difference in the magnitudes of shear-induced dye �ux (Fig. 6) suggest that
Cx43 hemichannel activity under shear stress may be higher in RA cells than that of LA cells.
Consistently, overall total Cx43 expressions were somewhat higher in RA cells compared to LA cells
(Fig. 6). Shear-induced dye �ux was more strongly attenuated in LA myocytes than RA cells after long-
term TAC (Fig. 6), consistent with larger changes in ANP expression by TAC in LA muscle. Cell
capacitance increased to ∼200% in the LA cells at 5 weeks following TAC when those of RA cells were
not altered signi�cantly (Fig. S5, S8A), although ANP increased in both RA and LA cells after short-term
PO (Fig. 6). The sizes of RA cells increased to ∼180% after 20-week TAC, which was also accompanied
with dramatic increase in ANP (Figs. 6 and S8). These suggest that RA cells are affected by TAC from the
early period of TAC even with no signi�cant hypertrophic cell growth. Consistently, IS,Cs in RA cells as well
as their P2X4R current component were increased after 5-week TAC, which was even more dramatic
compared to those of LA cells (Fig. S8). We consistently found evidence on a bigger contribution by
P2X4R to IS,Cs in TAC RA- versus LA-cells, and in old- versus young-sham RA cells (Fig. S8), which may be,
in part, due to higher abundance in P2X4R expression in RA cells [14] and larger alteration in its
expression in RA cells by TAC and/or age compared to LA cells (Fig. 5F).

Our results and previous reports suggest that cardiac myocytes show signi�cant response to shear stress
in the range of 1∼25 dyn/cm2 [44, 45]. Shear force to elicit maximal IS,Cs was about 10 dyn/cm2 (Fig. 1)
that was similar strength showing maximal ATP release in atrial cells [15]. Signi�cant IS,Cs was observed

at shear stress of 1.4 dyn/cm2 (Fig. 1) which is lower than the threshold to elicit TRPM4-mediated ramp
current in atrial cells [16]. It is di�cult to measure exact shear strength to which atrial myocytes are
exposed in working heart in vivo. Roughly approximated shear force in beating rat atrial tissue is reported
to be ∼0.4 dyn/cm2 [6] and the value is slightly lower than the magnitude (∼1 dyn/cm2) of the current
experimental threshold. In the single cell preparations, it is expected that there were more hemichannels
than in intact tissue. However, it should be also noted that gap junctions in dissociated adult cardiac
myocytes are maintained for up to 22 hours in media and have a longer half-life than its counterpart in
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other organ such as the liver [46]. In addition, a recent report has shown Cx43 hemichannel function in
intact heart using whole-heart dye �ux assay [18]. It has been shown that failing hearts have signi�cantly
less physical coupling between myocytes [47, 31], suggesting that the impact of such hemichannel
function may be signi�cantly enhanced in such disease. Nevertheless, comparison of Cx43 hemichannel
function under shear stress between control group and HF group demonstrated that shear-dependent
hemichannel function was attenuated in failing atrial myocytes (Fig. 6).

Cardiac shear stress could gradually increase with hypertrophy (thicker wall), �brosis (smaller gap
distance) and severe dilation (enhanced slippage). During progressive increase of afterload by TAC, the
capacity of atrial cells to elicit signi�cant cation in�ux via Cx43 hemichannels-P2X4R signaling in
response to shear stress appeared to increase during compensatory hypertrophy, which was reversed with
severe atrial dilation and failure. The results presented in this study bring important insights not only to
the shear stress signaling pathway involving Cx43 hemichannels and P2X4R as an intrinsic pressure
adaptation mechanism in atrial myocytes to compensate atrial function but also a pathologic role of
shear signaling remodeling under prolonged increase in afterload.

Abbreviations
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Figures

Figure 1

Nonselective inward cation current activated by shear stress in resting atrial myocytes and its sensitivity
to external Ca2+. A, Protocol for �uid shear application and voltage-clamp showing shear (~16 dyn/cm2)-
induced inward current recorded in normal Tyrode’s solutions (IS) at –80 mV that is preceded by a series
of conditioning pulses. High-KCl internal solutions with 1 mM EGTA, and Tyrode’s external solutions were
used in panel A–F (see Online Data Supplement). B, Shear-induced currents at –80 mV in 0, 2, and 10
mM external Ca2+ concentrations (left) and comparison of mean peak IS (right). **P<0.01, *P<0.05 vs. “2

mM [Ca2+]o” (n=7). C and D, Superimposed representative IS at –70 mV recorded with zero Ca2+ pu�ng

solutions in different external Na+ and K+ compositions. D, Mean peak IS measured at different

concentrations of external Na+ and K+. ***P<0.001, **P<0.01, *P<0.05 vs. control (“C”: “137Nao, 5.4Ko”)

(n=9). E and F, Representative IS recorded at 0 and 75 mM external Ca2+ concentration with equimolar

Na+ concentrations, showing signi�cant increase of peak IS (n=7). ***P<0.001 vs. “0 [Ca2+]o, 25 [Na+]o”. G–

I: Symmetrical CsCl solutions were used with zero Ca2+ pu�ng solution (see Methods). G, Shear-induced
Cs+ current (IS,Cs) measured at –70 mV in 2 mM and 0 mM external Ca2+ containing CsCl-rich solutions

and CsCl-rich internal solution including zero EGTA (left). Comparison of peak IS,Cs (right). **P<0.01 vs. 2
mM Cao (Paired t-test; n=8). H, Representative IS,Cs measured at different shear strength. I, Plots of mean
peak IS,Cs and time-to-peak versus shear forces (n=6).   

Figure 2

Primary role of Cx43 hemichannel in triggering cation in�ux in atrial cells under shear stress. A-D, Upper
panels: Representative IS,Cs activated at 16 dyn/cm2 measured from rat atrial myocytes at -70 mV before

(CON) and after applications of 2 mM La3+ (A), 50 µM carbenoxolone (CBX; B), pannexin blocker
probenecid (800 µM; C), or the TRPM4 blocker 9-phenanthrol (9-PT, 30 µM; D). Lower panels: Comparison
of mean IS,Cs recorded without and with La3+ (n=9; A), CBX (n=7; B), probenecid (n=6; C), and 9-PT (n=8;

D). ****P<0.0001 and **P<0.01 vs. CON (paired t-test). E, Representative IS,Cs traces measured at 3-min, 10
min and 15-min after dialysis with control internal solutions, or internal solutions containing scramble
(400 ng/ml) or anti-Cx43 antibodies (Ab) (400 ng/ml). F, Mean time course of the effects of dialysis of
Cx43 Ab (n=14) compared to those of dialysis with control internal (n=9) or scramble containing internal
solutions (n=7). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. scramble. One-way ANOVA with post hoc
test. G, Representative IS,Cs traces measured in atrial myocytes isolated from wild-type (CON) and cKO of
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Cx43 (left) and mean peak IS,Cs measured in the atrial cells from WT (three mice, n=9) and Cx43 cKO

(three mice, n=14) (right). **P<0.01 vs. CON. One-way ANOVA with post hoc test. H, Superimposed IS,Cs

traces measured in representative atrial myocytes in the absence (CON) and presence of TAT-Gap19 (left)
and mean IS,Cs measured in the presence of 20-µM (n=7)- and 60-µM (n=7)-TAT-Gap16 (right). *P<0.01,
**P<0.01 vs. CON. One-way ANOVA with post hoc test.

Figure 3

Activation of Cx43 hemichannels by shear stress in atrial myocytes: evidence from dye �ux assay. A,
Confocal calcein (red-orange) images measured from rat atrial myocytes before (0 s) and after 210-s
application of shear stress (~16 dyn/cm2) under control condition (CON) and in the solutions containing
zero Ca2+, 2 mM La3+ or 800 µM probenecid. B, Time courses of averaged calcein signals under shear
application, measured as % decrease (e�ux), in the control solutions (2 mM external Ca2+; n=7), Ca2+-free
solutions, La3+ (n=5)- or probenecid-containing solutions (n=6). C, Averaged shear-induced calcein e�ux
per min in the absence and presence of La3+ (n=5) or probenecid (“proben”; n=6) and in Ca2+-free
solutions (n=7). **P < 0.01, ***P<0.001 vs. control (CON) (unpaired t-test). D and E, Time courses of
averaged calcein (red-orange) signals (D) and mean peak e�ux per min (E) under no stimulus (“no
shear”) and after the 1st- and 2nd-shear application (n=7; **P<0.01). One-way ANOVA with post hoc test.
The 2nd shear application was done after the application of 10 μM CBX for 10-min. F, Time course of
averaged dye �uxes measured under control condition (no shear) and during repetitive shear stress
applications with 4 min intervals in the atrial myocytes incubated with Gap19 (600 µM) for 30 min (n=5).
G, Average dye �ux induced by repetitive shear applications in the presence of Gap19 compared to that
with no shear application (n=5). #P<0.05 vs. “no shear” in the absence of Gap19 (panel E). ‡P<0.05 vs.
“1st shear (control) in panel E. One-way ANOVA with post hoc test. H, Time courses of averaged dye �ux
under control condition and shear applications without and with probenecid (200 µM) in control mouse
atrial myocytes (n=9). Right: Averaged dye �ux measured in the absence and presence of shear stress in
Cx43 cKO atrial myocytes (n=9). I, Summary of dye e�ux on 1-min shear applications in control mice
(three mice, n=9) and Cx43 cKO mice atrial myocytes (three mice, n=13) under control conditions and
after applications of shear stress. **P<0.01 vs. “no shear”. #P<0.05 vs. “Control, no shear”. ‡P<0.05 vs. “1st

shear, control”. Two-way ANOVA with repeated measures.  

Figure 4

Shear-activated cation current is mainly mediated by autocrine ATP action on P2 receptors: major role of
P2X4Rs. A, Superimposed IS,Cs detected in a representative atrial cell clamped at -70 mV under control

pu�ng (zero external Ca2+ solutions) and after the addition of apyrase (2 U/ml for 8-10 min) (left). Mean
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peak IS,Cs in control condition and after application of apyrase (right) (n=6). ****P<0.0001 vs. Control
(paired t-test). B, Representative IS,Cs detected before and after application of 10 µM suramin in a

representative atrial cell (left) and comparison of peak IS,Cs (right). **P<0.01 vs. Control (n=7). C,
Representative IS,Cs detected before and after application of 30 µM iso-PPADS (5 min) in a representative

atrial cell (left) and comparison of peak IS,Cs (right). ***P<0.001 vs. Control (n=7). D, Superimposed IS,Cs

detected in a representative atrial cell under control conditions, after the addition of 200 nM MRS2179,
and 200 nM MRS2179 plus 30 µM 9-PT (left), and mean peak IS,Cs under each conditions (right; n=6;
**P<0.01 vs. Control; paired t-test). E, Representative currents show IS,Cs measured following different
dialysis duration in the same cells with anti-P2X4R antibodies (Ab; 400 ng/ml) with or without its
antigenic peptides (Ag) (left). Right, Plots of means of peak IS,Cs versus dialysis durations (Ab+Ag, n=11;

Ab, n=13). **P<0.01 vs. “P2X4R Ab+Ag”. F, Representative IS,Cs measured before and after application of

5-BDBD (10 µM) in a same cell (left) and summary of the effects of 5-BDBD on peak IS,Cs (n=8). *P < 0.05
vs. Control. G, Summary of the effects of various pharmacological agents on peak IS,Cs. The number

above each bar indicates number of cells tested. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 vs. control.
#P<0.05 vs. “0.3 PSB-12054”.

Figure 5

Alterations in IS,Cs and P2X4R-function and -expression with TAC-induced LA adaptive hypertrophy and LA
failure. A, LA echocardiogram showing progressive increases in LA diameters (arrows) in systole and
diastole following 5- (left) and 20-week-TAC (right). AscAo: ascending aorta; AoR: Aortic root; LV: Left
ventricle; RVOT: right ventricular out�ow tract. B, comparisons of mean LA inner diameter at diastole
(LAID,d), fractional shortening (FS) and cell capacitance between LA cells from sham and TAC at 5- and
20-week after surgery. Number of rats: 5-week sham, 12; 5-week TAC, 15; 20-week sham, 15; 20-week TAC,
20. *P<0.05, **P<0.01, ***P<0.001 vs. sham. #P<0.05, ##P<0.01 vs. 5-wk TAC. C and D, Representative IS,Cs

(C) and their mean peak values (D) obtained under the control solutions and after pretreatment of 5-
BDBD (10 μM) in LA myocytes isolated from 5-week-sham (12 cells from 3 rats) and -TAC rats (11 cells
from 3 rats) as well as 20-week-sham (15 cells from 3 rats) and -TAC rats (10 cells from 3 rats), showing
large increase in IS,Cs and 5-BDBD-sensitive currents after 5-wk-TAC and a reversal of such effects after

20-wk-TAC. *P<0.05 vs. sham. #P<0.05, ##P<0.01, ###P<0.001 vs. each control. ‡P<0.05 vs. 5-wk TAC,
control. E and F, Immunoblots from LA and RA tissue lysates of sham- and TAC-treat-hearts (E). Protein
expression changes are summarized by bar graphs (F). Blots are representative of 3 independent
experiments. **P<0.01 vs. sham. #P<0.05 vs. sham, RA. ‡P<0.05 vs. 5-week sham (two-way ANOVA with
repeated measures).  
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Figure 6

Reductions in shear-mediated Cx43 hemichannel activity and Cx43 expression in RA and LA of long-term
pressure overload. A and B, Signal-averaged calcein �uorescence traces normalized to control level
without shear stress (0 dyn/cm2) and with 1-min application of shear stress (16 dyn/cm2) in RA (A; 5 wk:
3 sham rats, 12 cells; 3 TAC rats, 15 cells; 20-wk: 3 sham rats, 11 cells; 3 TAC rats, 14 cells) and LA
myocytes (B; 5 wk: 3 sham rats, 10 cells; 3 TAC rats, 19 cells; 20-wk: 3 sham rats, 14 cells; 3 TAC rats, 16
cells) from 5-week- (left) and 20-week-TAC rats (right), showing a signi�cant reduction after 20-week-TAC.
C and D, Averages of shear-induced calcein e�ux per min measured in the RA (C) and LA myocytes (D)
from 5-week-TAC and 20-week-TAC rats were summarized. *P<0.05 vs. sham. ###P<0.001, ####P<0.0001
vs. “No shear”. ‡P<0.05 vs. RA “shear” for the same group (two-way ANOVA with repeated measures).
Alterations of Cx43 expression and its phosphorylation status by progressive pressure overload in RA and
LA muscles. E, Immunoblots of ANP, Cx43 and pS368-Cx43 from RA and LA tissue lysates of 5-week- (left;
“hypertrophy”) and 20-week (right; “HF”)-sham and TAC-treated hearts. F, The changes in protein
expression at 5-week-sham and TAC rats (left) and 20-week-sham and TAC rats (right) were normalized to
GAPDH bands shown in Fig. 5E (same preparations) and are summarized by bar graphs. Blots are
representative of 3 independent experiments (rats). *P<0.05, **P<0.01, ***P<0.001 vs. sham. #P<0.05,
##P<0.01, ###P<0.001 vs. sham, RA, ‡P<0.05, ‡‡P<0.01 vs. corresponding 5-wk group (two-way ANOVA with
repeated measures).

Figure 7

A schematic diagram showing a signaling pathway to underlie shear-stress-induced nonselective cation
in�ux in atrial myocytes at negative potential, and its alteration under PO induced compensatory
hypertrophy (blue arrows) and atrial failure (red arrows). HC: hemichannel. Shear stress activates cation
in�ux via mainly P2X4R in atrial myocytes at negative potentials and this response is governed by ATP
release via Cx43 hemichannels. A quarter of such cation in�ux under shear stress appears to be mediated
by TRPM4 channels that possibly linked to P2Y1R. The cation entry into the myocytes will further
increase Ca2+ concentration due to reduced Na+ gradient and subsequent mobilization of Na+-Ca2+

exchange and membrane depolarizations. Atrial hypertrophy develops during PO with increase of P2X4
receptor expression, which may result in large enhancement in shear-dependent cation in�ux with no
signi�cant change in Cx43 hemichannel function. Shear stress stimulus may also induce such
upregulation of P2X4R during this period (Fig. S6). Prolonged PO induces severe left atrial dilation with
reduced contraction. During this period, P2X4R-meidated cation in�ux and Cx43 hemichannel function
under shear decrease again with downregulations of P2X4R and Cx43 proteins.   
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