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Abstract

Background/Aims: The atrium is exposed to high shear stress during heart failure and valvular
diseases. We aimed to understand atrial shear-induced Ca?* signaling and its underlying
mechanisms. Methods: Pressurized micro-flow was applied to single rat atrial myocytes, and
Ca?* signal, membrane potential, and ATP release were assessed using confocal imaging,
patch clamp technique, and luciferin-luciferase assay, respectively. Results: Shear stress
(~16 dyn/cm?) induced global Ca?* waves (~0.1 events/s) from the periphery to the center
of cells in a transverse direction (“T-wave”; ~145 um/s). Pharmacological interventions and
simultaneous recording of membrane potential and Ca** demonstrated that shear-induced
T-waves resulted from action potential (AP)-triggered Ca?* release from the sarcoplasmic
reticulum. T-waves were not sensitive to inhibitors of known shear signaling mechanisms
except connexin hemichannels and ATP release. Shear stress caused ATP release from these
myocytes (~1.1x10-"7 moles/unit membrane, um?); ATP release was increased by enhancement
of connexin hemichannels and suppressed by inhibition of the hemichannels, but not affected
by inhibitors of other ATP release pathways. Blockade of P2X receptor, but not pannexin or
the Na*—Ca?* exchanger, eliminated shear-induced T-wave initiation. Conclusion: Our data
suggest that shear stress triggers APs and concomitant Ca?* signaling via activation of P2X
receptors by connexin hemichannel-mediated ATP release in atrial myocytes.

© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

The chambers of the heartare exposed to mechanical stimuli such as stretch, shear stress,
and afterload during cardiac cycles, and these stimuli, in turn, affect cardiac excitability and
contractility [1, 2]. During each cardiac cycle, cells in the myocardium are exposed to shear
stress and become deformed due to interlaminar fluid flow and sliding of the myocardial
layers against one other [3, 4]. Under pathological conditions such as valvular diseases,
heart failure, or hypertension, atrial volume and pressure overload is implicated in altered
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atrial excitability [1, 5]. Atria often become enlarged and dilated under such conditions,
and the responses of atrial myocytes to stretch, including activation of stretch-activated ion
channels (SACs), have been well documented [1, 5, 6]. Under such conditions, mechanical
stresses, including shear stress, also increase. In addition, there is clinical evidence that
mitral regurgitation or direct irritation by atrial catheters causes atrial arrhythmias without
enlargement of the chamber [1, 5]. In cases of chronic mitral regurgitation, the endocardial
surface of the atrium is significantly disrupted, directly exposing atrial myocytes to shear
stress [7, 8]. However, atrial responses to shear stress remain poorly understood.

A series of recent reports have suggested that cardiac myocytes significantly alter their
membrane conductance and Ca? signaling in response to shear stress [9-14]. It has been
reported that shear stress in atrial myocytes enhances Ca?* spark occurrence and induces
longitudinal Ca?* waves under resting conditions [9, 12]. The longitudinal Ca?* waves observed
in atrial cells under shear stress are completely eliminated by pharmacological blockade of
either P2Y, purinergic signaling or ATP release from atrial cells, and have been abolished by
inositol 1, 4,5-trisphosphate receptor type 2 (IP,R2) knock-out [12]. This suggests that ATP
release from atrial myocytes induces longitudinal Ca** waves by activating P2Y, receptors.
Shear stress-induced Ca** release from IP,Rs is thought to play an importantrole in activation
of transient receptor potential melastatin 4 (TRPM4), a Ca?*-activated monovalent cation
channel in rat atrial myocytes [13], which may alter membrane conductance.

ATP is released from cardiac myocytes under ischemic and hypoxic conditions, as
well as from nerve terminals as a co-transmitter with norepinephrine and acetylcholine
[15]. Several mechanical stresses including shear stress have been shown to induce ATP
release in various cell types [16-22]. Different cell types selectively use specific ATP release
pathway(s) (volume-regulated Cl- channels [17], maxi anion channels [18], ATP-binding
cassette transporters [19], gap junction channels [20, 21], or exocytotic secretion [22]). In
atrial myocytes, shear stress-induced longitudinal Ca?* waves were suppressed by inhibition
of gap junction hemichannels, but not by inhibition of other ATP release pathways [12].
However, there is no direct evidence of ATP release from atrial myocytes under shear stress.

Shear stress of comparable strength induces a distinct spontaneous Ca?* transient (time-
to-peak, T : 130 ms) in fura-2-AM-loaded rat atrial myocytes, as shown by epifluorescence
measurement [10]. This shear-induced global Ca?" signal occurs faster than longitudinal
Ca* waves in terms of Ca? release (T =300 ms). The distinct spatiotemporal properties of
shear-triggered Ca®* signals appear to e linked to different mechanisms and Ca?* sources, in
that the faster shear-induced epifluorescence Ca** signal is mediated by mitochondrial Ca?
mobilization [10] unlike the slower IP,R-mediated longitudinal Ca** waves [12].

In the present study, we investigated shear-induced Ca?* signaling and the cellular
mechanisms underlying shear-mediated global Ca?* waves in single rat atrial myocytes
using rapid two-dimensional (2-D) confocal Ca* imaging, patch clamp method, and ATP
chemiluminescence measurements. We applied shear stress to single atrial myocytes using
pressurized micro-flow as previously reported [9, 12]. Our data indicate that shear stress
causes a global Ca?* wave by triggering action potential (AP) and subsequent L-type Ca?
current (I )-induced sarcoplasmic reticulum (SR) Ca* release, and further suggest that ATP
efflux via connexin hemichannels plays an important role in the wave generation via P2X
receptor activation.

Materials and Methods

Isolation of atrial myocytes

Atrial myocytes were enzymatically isolated from male Sprague-Dawley rats (200-300 g, total 69
rats) as previously described [12]. 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-00368). Rats were deeply
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anesthetized with pentobarbital sodium (150 mg/kg, i.p.), the chest cavity was opened, and hearts were
excised. The excised hearts were retrogradely perfused at 7 ml/min through the aorta (at 36.5°C), first for
3 min with Ca®*-free Tyrode solution composed of (in mM) 137 NacCl, 5.4 KCl, 10 HEPES, 1 MgCl,, and 10
glucose, pH 7.3, and then with Ca?*-free Tyrode solution containing collagenase (1.4 mg/ml; Type A (EC
3.4.24.3), Roche) and protease (0.14 mg/ml; Type XIV (EC 3.4.24.31), Sigma, St. Louis, MO, USA) for 12 min;
and finally with Tyrode solution containing 0.2 mM CaCl, for 5 min. The atria of the digested heart were then
cut into several sections and subjected to gentle agitation to dissociate the cells. The freshly dissociated cells
were stored at room temperature in Tyrode solution containing 0.2 mM CaCl,.

Application of shear stress

Pressurized flows of external solutions were applied onto the single myocytes through a microbarrel
(internal diameter = 250 pum) the tip of which was placed at 150 pm from the cell and was connected to a
fluid reservoir with 40-cm heights [9, 12]. The shear stress (dyn/cm?) was calculated for flow in cylindrical
tubes according to the equation [23]:

Shear stress = 4uQ / nrs,

where u represents the fluid viscosity (1.002-10-? dyn-s/cm? for water), Q is the flow rate (cm3/s), and r
is the internal radius (cm) of the microbarrel. The micro-flow system generated shear stress of ~16 dyn/cm?
(equal to 0.16 N/m?) at 40-cm reservoir height. This shear strength appeared to be maximum to consistently
generate global Ca?* waves in atrial myocytes. The positioning of the microbarrel was performed under
microscope using a micromanipulator (Prior England 48260). The experimental cells were attached to the
bottom of the chamber without a coating material. Using a microscope and video monitor, it was confirmed
that no movement of the cell occurred during the fluid puffing before the start of the experiments.

To measure ATP releases from atrial myocytes using luciferin-luciferase assay shear stress was applied
to fields of cells in a laminar flow chamber (VC-LFR-18-SS, C&L Instruments, USA) connected to the solution
reservoirs. The shear stress was calculated using the equation:

Shear stress = 6uQ / bh?,

where u and Q have the same meaning as above, b represents the chamber width (cm), and A is the
chamber height (cm). For this flow chamber, a flow rate of 0.5, 2, 4 and 8 ml/min generates a shear stress of
1, 4, 8 and 16 dyn/cm? respectively.

2-D confocal Ca** imaging

To measure intracellular Ca?* signals, myocytes were loaded with 3 pM fluo-4 acetoxymethyl (AM)
ester (Invitrogen, USA) for 30 min. The dye-loaded cells were continuously superfused with 2 mM Ca**-
containing normal Tyrode solution (see above; pH 7.4). Intracellular Ca?* fluorescence was imaged at 60
Hz in 2-D using a laser scanning confocal imaging system (A1, Nikon) attached to an inverted microscope
(Eclipse Ti, Nikon) fitted with a x60 oil-immersion objective lens (Plan Apo, Numerical Aperture 1.4, Nikon).
Dyes were excited at 488 nm using Ar laser (Omnichrome) and fluorescence emission at >510 nm was
detected. Images were recorded by an workstation software, NIS Elements AR (v3.2, Nikon).

To assess shear-induced Ca?* wave propagating from the cell periphery to the center in the transverse
direction, local Ca?* changes from both peripheral and centermost regions of 2-D Ca?* images were analyzed
(see the Region-Of-Interest [ROI] in the insets of figures in ref [24]). Global Ca?" waves, showing time-
t0-90% of peak (Tp,g0
increases, the average resting fluorescence intensity (F,) was calculated from several frames immediately

) of peripheral Ca? releases less than 35 ms were counted. In order to estimate Ca?

before application of shear stress. Tracings of local Ca?* signals were shown as the average fluorescence of
each ROI normalized relative to the F (F/F).

Simultaneous measurement of membrane potential and Ca** images

To measure membrane potential simultaneously with confocal Ca?* signals the fluo-4 AM (3 uM, 30
min)-loaded cell was whole-cell patch clamped in a current clamp mode using an EPC7 plus amplifier (HEKA
Elektronik, Lambrecht/Pfalz, Germany). The patch pipettes were made of glass capillaries (Kimble Glass Inc.,
Vineland, NJ, USA) with a resistance of ~3 MQ when filled with the internal solutions containing (in mM):
130 KOH, 130 Glutamic acid, 7 KCl, 1 MgCl2; 10 HEPES, 5 MgATP, 0.1 GTP, 0.02 EGTA, 0.1 fluo-3-K_; pH=7.2.
Measurement of membrane potential was generally carried out 6-7 min after the rupture. The same confocal
system was used (see above) and was synchronized with patch clamp system using a trigger module in the
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confocal system. Generation of the current-clamp protocol and acquisition of the data were carried out
using pClamp PC program (v10.7, Molecular Devices, Foster City, CA, USA) via an A/D converter (Digidata
1550B; Molecular Devices). The voltage signals were filtered at 10 kHz before digitization and storage. The
traces were analyzed using Clampfit software (v10.7) and OriginPro program (v8, SRO, OriginLab Corp.,
Northampton, MA, USA). The experiments were performed at room temperature (22-25°C).

Measurement of ATP release using chemiluminescence assay

ATP release from atrial myocytes was measured by chemiluminescence detection using luciferin-
luciferase reaction (ATP Bioluminescence Assay Kit HS II, Roche Diagnostics GmbH, Sandhofer Strasse
Mannheim, Germany). With exposing atrial cells to shear stress, outflow from the shear chamber was
collected for 10 s at 2-s intervals. The collected solutions were subjected to the ATP-driven luciferin-
luciferase reaction and then the intensity of luminescence was detected at 562 nm using a luminometer
(EnVision 2101 Multilabel Reader, Perkin Elmer, Waltham, MA, USA). ATP standard curve was derived using
eight standard ATP solutions (1 pM ~ 10 uM) and the same detection method.

The concentration of ATP was estimated as moles/unit cell membrane area. To derive this value, the
numbers of live cells attached onto the bottom of shear chamber were counted off-line using their pictures.
Total membrane area from each experimental batch was derived using approximate cell surface area and
the number of cells counted. For this calculation, we assumed that atrial cells were cuboid.

Chemicals

Reagents used to make Tyrode solutions, and 2-aminoethoxydiphenyl borate (2-APB), apyrase,
carbenoxolone, CdClZ, GdC13, diphenyleneiodonium (DPI), NiClz, nifedipine, probenecid, suramin and
tetrodotoxin (TTX) were purchased from Sigma-Aldrich. 9-phenanthrol, KB-R7943, MRS-2179 and
pyridoxalphosphate-6-azophenyl-2’5’-disulfonic acid (iso-PPADS) were supplied by Tocris Bioscience
(Avonmouth, Bristol, BS11 9QD, UK). Fluo-4 AM and fluo-3 K, were from Thermo Fisher Scientific (Waltham,
MA, USA). Ryanodine and U73122 were purchased from Calbiochem (Merck Millipore Corporation,
Darmstadt, Germany). GsMTx-4 was obtained from Alomone Labs (Jerusalem, Israel).

Statistics

The numerical results are presented as means * standard error of the mean (S.E.M.). n indicates
number of cells used. Paired or unpaired Student’s t-tests were used for statistical comparisons depending
on the experiments. Differences at P<0.05 were considered to be statistically significant.

Results

Shear stress induces AP and a subsequent global Ca** wave in atrial myocytes

Fig. 1A shows a representative global Ca?* wave induced by exposure to shear stress
(~16 dyn/cm?) in rat atrial myocytes. These waves generally showed fast Ca?* release from
the entire cell periphery and propagated into the cell interior in a transverse direction. The
average speed of such Ca?* waves was 144 + 17.2 um/s (at 60 Hz; n=17). One Ca?* wave was
generally observed for each 10-s shear application (0.12 + 0.01 events/s, n=61). The latency
of these shear-triggered (for 8-20 s) waves varied among myocytes (0.8-17 s; 6.0 =+ 0.53
s, n=85). The shear-induced Ca?** wave re-occurred in individual cells upon repeated shear
application with an interval of 4-5 min.

The average local Ca?* release from the periphery (red trace) was significantly faster
and larger (Fig. 1B inset graph; T ,, 27 + 3.9 ms; AF/F , 1.70 + 0.14) than central Ca* release
(greentrace; T ., 66 + 3.9 ms, P<0.05; AF/F,1.06 £ 0. 15 P<0.05, n=61). The spatiotemporal
properties of local Ca* release appeared 51mllar to those of depolarization-triggered Ca*
waves in atrial myocytes [24-27] lacking transverse tubules [28]. Therefore, we next used
TTX, a blocker of voltage-dependent Na* channels, to inhibit the upstroke of APs. After cells
were treated with 10 uM TTX for 30 s, shear exposure no longer triggered Ca** waves (Fig.
1A-C), although background Ca?* levels were slightly increased by shear exposure (Fig. 1B
and D). This TTX-sensitive Ca** wave traveling from the cell periphery to the center in a

2299


http://dx.doi.org/10.1159%2F000495089

Cellular Phy5|ology Cell Physiol Biochem 2018;50:2296-2313
DO

© 2018 The Author(s). Published by S. Karger AG, Basel

- 1Q120/000492080
and B|ochem|stry Published online: 13 November 2018 |www.karger.com/cpb

Kim et al.: Atrial Ca®* Signalling by Shear-Autocrine P2X Receptor Pathway

A Control, shear TTX, shear

C 0.15; D 2 Periphery 21 Center

Con
T

*kkk *kkk

Ca?*increase (AF/Fy)
Ca?+increase (AF/F)

*kkk

0.00- 0- 0-

Fig. 1. Tetrodotoxin-sensitive global Ca?* wave induced by shear stress in atrial myocytes. A: series of 2-D
confocal Ca?* images recorded during the periods indicated by the black bars above the Ca?* traces in the
panel B, showing a shear stress (16 dyn/cm?)-induced global Ca?* wave propagating from the periphery to
the center in a representative rat atrial myocyte (left) and its sensitivity to tetrodotoxin (TTX, 10 uM), the
voltage-gated Na* channel blocker (right). Time, indicated in each image, represents the time when the
image was selected during the whole recording period (panel B). B: Ca?* signal traces measured at 60 Hz
from the peripheral (red) and central (green) domains in the confocal cell Ca?* images (right panel, inset).
Inset graphs: expanded time course for the selected period marked by the black bar above the Ca?* trace. C:
averaged frequency of shear-induced T-waves in the absence (Con) and presence of TTX. D: comparison of
peripheral and central Ca?* increases during shear stress before and after the treatment of TTX. Con, n=61.
TTX, n=5.""P<0.0001 vs. Con (unpaired t-test).
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Fig. 3. Shear stress-induced action potential (AP) and subsequent T-wave in atrial myocyte. A: simultaneous
recording of AP and global Ca?* signal associated with T-wave in a representative atrial myocyte during shear
stress exposure (16 dyn/cm?). B: confocal Ca** images recorded at the time pointes sequentially marked by
the arrowheads underneath the expanded local Ca? traces in the panel C. C: superimposed AP (black) and
local Ca** signals from the cell periphery (red) and center (green) of the cell Ca?* images (see ROI) during
the period marked by the red bar in the panel A, showing AP occurrence prior to the onset of T-wave under
shear stress.

transverse direction termed ‘T-wave’ under shear stress was distinguished from previously
reported shear stress-induced longitudinal Ca** waves in atrial myocytes by its spatiotemporal
properties and mechanism [12].

We further examined whether shear-triggered T-waves are mediated by I -induced Ca*
release using blockers of I, and ryanodine receptors (RyRs). Fig. 2 A-D shows peripheral and
central Ca®* transients associated with shear-triggered T-waves, under control conditions
(upper traces) and with suppression of I , (15 uM nifedipine for 15 s; 50 uM Cd** or 5 mM
Ni#* for 5-10 s) or RyRs (10 uM ryanodine) (lower traces). Fig. 2 E and F summarize the
average frequency of shear-induced T-waves and local Ca** release with and without these
interventions. A few cells showed fast Ca?* spikes with much less Ca?* released in the presence
of 15 uM nifedipine (Fig. 2 E and F, “nif”). Ni** at a concentration of 5 mM also blocks Na*—Ca?*
exchange (NCX), which might have increased basal Ca** slightly (Fig. 1C, lower trace; AF/F
periphery, 0.09 + 0.02, P<0.01; center, 0.10 + 0.02, P<0.01; n=5). Ryanodine independently
increased basal Ca®* levels (AF/F : periphery, 0.10 + 0.02, P<0.01; center, 0.10 + 0.02, P<0.01;
n=5), which may be due to subconductance state of RyRs caused by ryanodine [29]. Another
RyR inhibitor, tetracaine (1 mM), also completely abolished wave occurrence (data not
shown). These results suggest that shear-induced T-waves represent I_-triggered SR Ca*
release associated with APs.

To confirm this hypothesis we simultaneously recorded Ca?* signals and membrane
potential under shear stress using confocal imaging and whole-cell patch clamp, respectively.
We observed that shear stress produced graded depolarization followed by AP and a
subsequent T-wave (Fig. 3). Shear stress-triggered APs were significantly prolonged at —15
~—=30 mV in most of the cells tested, and were accompanied by long-lasting Ca?* release (Fig.
3A). The mean resting membrane potential and average amplitude of shear-triggered APs
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Fig. 4. Potential role of ATP release in generation of T-wave under shear stress. A: series of confocal Ca?*
images showing shear (16 dyn/cm?)-induced T-wave under control condition and its sensitivity to the
external ATP metabolizing enzyme apyrase (2 U ml-}; D) in a representative atrial myocyte. B: Ca** signals
measured at 60 Hz from the peripheral (red) and central (green) ROIs (inset) from the cells shown above
the traces. C: averaged frequency of shear-induced T-wave occurrence (upper) and mean shear-mediated
Ca? increase (lower) in the absence and presence of apyrase (n=5). “"P<0.001, ““P<0.0001 vs. Control
(paired t-test).

were —69.9 + 2.46 mV and 116 * 2.81 mV (n=8), respectively. The duration of shear-induced
APs varied from 200 to 3000 ms at —-50 mV. Variation was observed between cells as well as
between APs recorded in the same cell.

Possible role of ATP release and connexin hemichannels in shear-induced T-wave generation

Our previous Ca* imaging experiments using pharmacological interventions have
shown evidence that atrial cells may release ATP through gap junction hemichannel under
shear stress and activate P2Y, receptors [12]. Atrial myocytes also express ionotropic P2X
receptors that can be activated by ATP and depolarize the cell membrane under resting
conditions [15, 30]. To test this hypothesis we first used the external ATP-metabolizing
enzyme apyrase to reduce the level of released ATP. After treatment with apyrase (2 U/ml,
30 min), shear-triggered T-waves were no longer observed in cells that had produced such
wave under control conditions (Fig. 4 A-C). Increases in local Ca** levels under shear stress
were completely suppressed by apyrase exposure (Fig. 4C, lower).

We next examined whether gap junction hemichannels play a role in the generation
of T-waves under shear stress. To suppress hemichannels, cells were pre-treated with
carbenoxolone (50 uM, 10 min). After treatment with this chemical, shear stress failed to
induce T-waves (Fig. 5 A-C). We did not observe significant background Ca?* increases due
to shear stress in the presence of carbenoxolone (Fig. 5C, lower). Carbenoxolone (50 uM)
can affect connexin- and pannexin-gap junction channels. Although connexins are major gap
junction channels in cardiac myocytes, pannexin expressed in cardiac myocytes may also
release ATP [21, 31] and promote arrhythmogenic activity [32]. Therefore, we examined
whether pannexins play a role in shear-triggered Ca?* waves, using probenecid, a selective
inhibitor of pannexins that does not affect connexins at concentrations up to 1 mM [33]. We
found that exposure to 800 uM probenecid had no effect on either generation of T-waves
or on local Ca* increases under shear stress (Fig. 5D-F). Treatment with probenecid alone
caused significant increase in the basal Ca** level (Fig. 5E; AF/F: periphery, 0.16 + 0.02,
P<0.05; center, 0.20 = 0.02, P<0.05; n=4).
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Fig. 5. Role of connexin hemichannels in generation of T-wave under shear stress. A and D: series of confocal
Ca? images showing shear (16 dyn/cm?)-induced T-wave under control condition and in the presence of
gap junction hemichannel blocker carbenoxolone (50 uM) (A) or pannexin inhibitor probenecid (800 uM)
in atrial myocytes. B and E: Ca®* signals measured at 60 Hz from the peripheral (red) and central (green)
domains (inset) from the cells shown above the traces. C and F, averaged frequency of shear-induced T-waves
(upper) and mean shear-mediated Ca®* increase (lower) in the absence and presence of carbenoxolone (C,
n=>5) or probenecid (F, n=4). ""P<0.001, ""P<0.0001 vs. Control (paired t-test).

Potential role of P2X receptors in the generation of T-wave under shear stress

To further test our hypothesis, we next examined whether the P2 receptor inhibitor
suramin affects the occurrence of T-waves under shear stress. Pretreatment with suramin
(10 uM; 12) for 5 min completely suppressed the occurrence of T-waves upon shear stimulus
(Fig. 6A-C), supporting a role of P2 receptors in shear-induced T-wave generation. We
further investigated a possible role of the P2X receptor in initiation of T-wave under shear
stress using the P2X receptor antagonist iso-PPADS [34, 35]. In nine out of fourteen cells that
showed shear-induced T-waves without treatment, shear exposure failed to induce T-wave
after application of 6 uM iso-PPADS (by 76.4 + 9.2%). In the presence of 30 uM iso-PPADS,
shear stress no longer triggered T-waves (Fig. 6D-F). The averaged magnitude of local Ca?
increase induced by shear stimulation was significantly reduced by iso-PPADS (Fig. 6F). After
withdrawal of iso-PPADS, shear-induced T-waves were observed again in some cells (data
not shown). These results indicate that shear stress initiates T-waves mainly via autocrine
activation of P2X receptors.
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Fig. 6. Role of P2X receptors in initiation of T-wave under shear stress. A and D: series of confocal Ca**
images showing shear (16 dyn/cm?)-induced T-waves under control conditions and its sensitivity to the
antagonists of P2 (10 uM suramin; A) or P2X purinoceptors (30 uM Iso-PPADS; D) in the representative
atrial myocytes. B and E: Ca?* signals measured at 60 Hz from the peripheral (red) and central (green)
regions (inset) from the cells shown above the traces. C and F: averaged frequency of shear-induced T-waves
(upper) and mean shear-mediated Ca?* increase (lower) in the absence and presence of either suramin (C,
n=5) or Iso-PPADS (F, n=9). ""P<0.001, ""P<0.0001 vs. Control (paired t-test).

No role of SAC, nicotinamide adenine dinucleotide phosphate oxidase (Nox), and P2Y,

purinergic signaling in shear-induced T-wave generation

We additionally tested whether shear-induced autocrine activation of the P2Y, receptor-
PLC-IP,R2 signalling pathway contributes to generation of T-waves upon shear stimulation
using pharmacological interventions. Blockers of the P2Y, receptor (MRS-2179, 0.2 uM),
PLC (U73122, 5 uM), and IP_R (2-APB, 3 uM) neither suppressed the occurrence of shear-
induced T-wave (Fig. 7 A-C, and G) nor altered Ca? releases associated with the T-waves (Fig.
7H). These results suggest that P2Y, signalling does not mediate the generation of shear-
induced T-waves.

Because shear stress can induce local membrane stretch, we tested whether SACs and
Nox, the key signalling molecules activated by stretch [36, 37], play a role in this shear
response. In cells producing shear-induced T-waves, we examined the effects of the SAC
blocker GsMTx-4 (3 uM) and the Nox inhibitor DPI (3 uM) on the occurrence of shear-induced
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Fig. 8. Potential role of NCX in facilitation of T-waves under shear stress. A: shear (16 dyn/cm?)-induced
local Ca®* transients associated with T-waves in the absence (Control) and presence of the inhibitor of NCX
KB-R7943 (0.2 uM) in the same atrial cell. Inset cell diagram shows peripheral and central ROIs used to
measure the local Ca?* signals. Inset Ca®* traces represent expanded traces for the period marked by black
bar above each trace. The period of shear stress application was indicated by the gray bar under the local
Ca?* signals. B: averaged frequency of shear-induced T-waves under control conditions (Con, n=61) and
after application of KB-R7943 (KB-R, n=6). 'P<0.05 vs. Con. C: comparison of shear-triggered local Ca®*
increases before (Con) and after application of KB-R7943 (n=6, "P<0.05 vs. Con, unpaired t-test).

Ca®* waves. Neither inhibitor affected the frequency of shear-induced T-waves (Fig. 7D, E and
G). In addition, the magnitude of shear-induced local Ca** increase was not changed by pre-
treatment with GsMTx-4 or DPI (Fig. 7H).

Shear stress activates non-selective cation currents through TRPM4 channels via
IP.R2-induced Ca* release in atrial myocytes [13]. We tested whether TRPM4 channels
contribute to T-wave activation under shear stress using the TRPM4 blocker 9-phenanthrol.
At concentrations <10 uM, 9-phenanthrol has been shown not to affect the I in cardiac
myocytes [38]. Pre-treatment with 10 uM 9-phenanthrol did not alter the frequency of
T-waves (Fig. 7F and G) or local Ca* increases under shear stress (Fig. 7H).

Facilitation of T-wave occurrence by NCX under shear stress

Triggered activity can be induced by NCX-mediated inward current in cardiac myocytes
[39]. Therefore, we examined the potential role of NCX in generation of T-waves under shear
stress. When atrial cells were pretreated with the NCX inhibitor KB-R7943 at a concentration
of 0.2 uM [39], they continued to show shear-induced T-waves (Fig. 8A and B). KB-R7943,
at the concentration of 0.2 uM, did not affect I, (data not shown). Interestingly, KB-R7943
suppressed repetition of T-waves under shear stress (Fig. 8A), resulting in a lower frequency
of T-waves (Fig. 8B). Shear-induced Ca** transients under NCX inhibition were larger and
prolonged, with more prominent increases in central Ca?* compared with peripheral Ca?*
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Fig. 9. Shear stress induces ATP release from isolated rat atrial myocytes through connexin hemichannels.
A: the amount of ATP release per unit membrane area (um?) of atrial myocytes under 10-s long shear
application (24 different experimental cell batches). B and C: cumulative ATP released under the application
of different shear forces (1, 4, 8, and 16 dyn/cm?) for 10 s, showing dependence of ATP release on the
shear strength (1, 4, and 8 dyn/cm?* 6 batches; 16 dyn/cm?: 24 batches). D: shear-induced ATP release
was increased by Ca*-free solution (5 experiments) and quinine (100 uM; 4 experiments) that enhance
connexin hemichannel function ("P<0.01, "P<0.05 vs. Con). E: suppression of shear-induced ATP release
after incubation of atrial myocytes with gap junction blockers carbenoxolone (CBX, 50 uM, 7 batches) and
La3* (2 mM) ("P<0.05 vs. Con, 5 batches). F: No effect of exocytosis inhibition (10 uM BAPTA-AM, 4 batches),
maxi anion channel blockade (50 uM Gd?*, 3 batches), or Cl- channel inhibition (1 mM 9-AC, 6 batches) on
shear-induced ATP release. G: shear-induced ATP release was not suppressed by pannexin inhibition 800
uM probenecid (5 batches). H: Comparison of the effects of the interventions on shear-induced ATP releases
relative to the level of ATP release under control conditions. "P<0.01, "P<0.05 vs. Con.
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(Fig. 8A and C). This finding might be related to enhanced regenerative and cooperative Ca®*
releases from the non-junctional Ca?* release sites caused by slower removal of peripheral
Ca?. These results suggest that NCX at least partially contributes to T-wave generation under
shear stress, but that NCX is not absolutely required for the initiation of shear-induced
T-wave.

Shear-induced ATP release from atrial myocytes through connexin hemichannels

In the next series of experiments, we directly measured ATP release from atrial myocytes
under shear stress using the luciferin-luciferase reaction that generates luminescence in
an ATP-dependent manner. ATP-induced chemiluminescence was measured from external
solutions collected for 10-s shear application at 2-s intervals. ATP level was increased upon
shear stress stimulus of 16 dyn/cm? reaching a peak value of (7.02 + 0.67)x10® moles per
unit membrane area (um?) at 2 s (24 batches; Fig. 9A). The total amount of ATP released for
a 10-s application of 16 dyn/cm? shear stress, measured from plots of cumulative ATP versus
the duration of shear exposure (Fig. 9B), was (11.2 + 1.21)x10*® moles/um? (24 batches; Fig.
9B). ATP release increased in a shear strength-dependent manner (Fig. 9B and C).

We further examined the mechanism of ATP release in rat atrial myocytes under
shear stress using pharmacological interventions. Removal of the external Ca* that
enhances connexins [40] increased shear-induced ATP release to ~2.2-fold (Fig. 9D and H).
Consistently, pretreatment with the gap junction enhancer quinine (100 uM) significantly
increased shear-induced ATP release (~2 fold, Fig. 9D and H). Inhibition of gap junction
hemichannels using either carbenoxolone (50 uM) or La** (2 mM) suppressed shear-induced
ATP release by 75-85% (Fig. 9E and H). Contributions of other ATP release pathways [17-
22] under shear stress were also assessed. When exocytosis, a Ca**-dependent process,
was suppressed by chelating intracellular Ca** using BAPTA-AM (10 puM), ATP release
under shear stress was unaltered (Fig. 9F and H). Pretreatment with either the Cl- channel
inhibitor 9-anthracenecarboxylic acid (1 mM) or the maxi anion channel inhibitor Gd** (50
uM [18]) did not alter shear-induced ATP release (Fig. 9F and H). Blockade of pannexins
using probenecid (800 uM) did not affect shear-mediated ATP release (Fig. 9G and H). Fig. 9H
summarizes shear-induced ATP release under different experimental interventions relative
to that under control conditions. These results suggest that shear stress-induced ATP release
may be mediated by connexin hemichannels in atrial myocytes.

Discussion

Here, we report new evidence suggesting that shear stress induces ATP efflux from
atrial myocytes through connexin hemichannels, and that released ATP, in turn, triggers AP
coincident with global Ca?* wave via activation of P2X receptors. The AP was observed prior
to the occurrence of Ca** wave under shear stress (Fig. 3). In addition, the suppression of
voltage-dependent Na* or Ca?* channels, or RyRs eliminated the shear-induced Ca* wave
generation (Fig. 1 and 2). Initiation of such Ca?* wave under shear stress was completely
suppressed by blockade of either cellular ATP release (apyrase; Fig. 4) or P2X receptors
(Fig. 6D-F). Inhibition of SAC, Nox, TRPM4, P2Y, receptor-PLC-IP,R signaling, or pannexins
did not suppress generation of T-waves under shear stress (Fig. 7). Inhibition of NCX only
partially reduced T-wave occurrence, without blocking wave initiation (Fig. 8). Assessment
of ATP release from atrial myocytes under shear stress combined with pharmacological
interventions demonstrated an important role of connexin hemichannels in ATP release
from atrial myocytes under shear stress (Fig. 9), consistent with the Ca?" imaging results.
Autocrine activation of P2X receptors via shear-induced connexin hemichannel activation
may be an important mechanism by which atrial cells measure mechanical stimulus and
translate it into altered excitability.
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Shear-induced APs were preceded by a slow graded depolarization and their duration
was significantly prolonged (Fig. 3A). Our data on the inhibition of T-wave initiation by P2X
receptor antagonists suggest a possible role of P2X receptors in graded depolarization. P2X
receptors are ionotropic receptors that permeate cations non-selectively [41], allowing
cation influx at negative potentials. Under normal extracellular Ca®* concentrations, most of
the ATP-induced inward current is carried by Na*, with Ca?* contributing <10% of the total
P2X inward current induced by ATP [42]. It has been shown in mouse ventricular myocytes
that the increased Na* entry through the P2X receptors can enhance Ca? entry via the NCX
[43]. In this regard, we have not consistently observed increases in background Ca? levels
and/or in spontaneous Ca*" spark occurrence prior to generation of T-wave under shear
exposure (Fig. 2A-D, 5E and 6E), although some cells showed these phenomena (Fig. 1A,
5B, 6B and 7C). In addition, the preceding background Ca?* changes were not correlated
with frequency of T-waves and their latencies (data not shown). It should be also noted that
we have not considered T-waves, occasionally starting from longitudinal Ca?* wave in the
present study. These waves, in fact, involve P2Y, receptor signaling, as has been previously
reported [12]. Other regulatory mechanism activated by shear stress in cardiac myocytes,
such as mitochondrial ROS-dependent RyR sensitization [14], may be involved in increases
in background Ca** and resting Ca?* sparks in atrial cells under shear stress, although this
needs further confirmation.

We used freshly isolated atrial myocytes from rats to measure ATP release under shear
stress. Our study is the first to show shear-induced ATP release in cardiac myocytes. The
quantity of released ATP for 10-s-long shear exposure (11x10-® moles/um?) was comparable
to the values measured in other cell types during mechanical stresses using a similar way
of measurement [44]. Shear stress-induced ATP release has been demonstrated in vascular
endothelial cells [16]. ]It has also been shown, in neonatal rat cardiac myocyte culture [31]
and in HL-1 atrial cell line [21], that mechanical stretch causes ATP release. Interestingly,
stretch-induced ATP release in those cardiac cells is known to be mediated by pannexins
[21, 31]. This is in sharp contrast with our observations in rat atrial myocytes under shear
stress that ATP release was probenecid-insensitive (Fig. 9G). In addition, ATP release by
atrial myocyte under shear stress was distinctly enhanced by removal of external Ca?* (Fig.
9D), which supports a role of connexins, but not pannexins, on the shear response.

The time-dependent decay of extracellular ATP concentration under shear stress
appears to be similar to that observed under stretch in neonatal and HL-1 cardiac cells [21,
31]. All of these studies have used chemiluminescence measurements from cell-free external
solutions using luciferin-luciferase assay. However, the time course of ATP release was
distinct from time-independent T-wave propensity during the 10-20-s shear exposure. The
luciferin-luciferase assay may only provide a rough estimation of the bulk concentration of
ATP released from cells. In fact, the local ATP concentration in the vicinity of the cell surface
is often found to be much higher and discordant from the bulk estimates [45, 46] due to
delayed diffusion of ATP, unstirred layer effects and rapid degradation by cell surface ecto-
ATPases.

In this study, we generally applied shear stress of ~16 dyn/cm? to single atrial cells.
ATP release from atrial myocytes reached to maximum value at shear strength of ~8 dyn/
cm? This shear strength is within the range (0.2-30 dyn/cm?) of biologically effective shear
forces in single cells [9-13, 23]. The shear strength is much higher than the interlaminar shear
stress (0.4 dyn/cm?) estimated in intact rat atrial tissue under physiological conditions [11].
We applied high shear stress to mimic the high intra-atrial fluid pressure under conditions
of heart failure and valvular heart diseases. It may be difficult to estimate the shear force
on single myocytes in vivo under pathological conditions. In addition, the shear force may
differ significantly depending on disease status and between right and left hearts. In fact,
in chronic mitral regurgitation, the endocardial surface is widely disrupted [7, 8], and atrial
myocytes are directly subjected to higher shear stress. The clinical consequences of such
regurgitation or volume overload are atrial fibrillation (AF) and remodeling [1, 5, 6]. We
found evidence that atrial myocytes elicit AP-induced Ca?* waves under shear stress, and that
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P2X receptor activation by ATP efflux through connexin hemichannels may be responsible for
such wave generation. Our data suggest that initial T-wave event during shear exposure may
not be necessarily related to NCX, but that secondary T-wave generation may be facilitated
by altered NCX activity via preceding depolarization/Ca?" signalling. Shear-dependent
pacemaker activity in atrial myocyte and prolonged depolarization with longer Ca?* increase
may, in part, contribute to atrial arrhythmogenesis. The pathophysiological implication of
shear-induced T-waves needs further investigation.
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