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Piezo proteins (Piezo1 and Piezo2) are recently identified mechani-
cally activated cation channels in eukaryotic cells and associated with
physiological responses to touch, pressure, and stretch. In particular,
human RBCs express Piezo1 on their membranes, and mutations of
Piezo1 have been linked to hereditary xerocytosis. To date, however,
physiological functions of Piezo1 on normal RBCs remain poorly un-
derstood. Here, we show that Piezo1 regulates mechanotransductive
release of ATP from human RBCs by controlling the shear-induced
calcium (Ca®*) influx. We find that, in human RBCs treated with
Piezo1 inhibitors or having mutant Piezo1 channels, the amounts of
shear-induced ATP release and Ca®" influx decrease significantly.
Remarkably, a critical extracellular Ca%* concentration is required
to trigger significant ATP release, but membrane-associated ATP
pools in RBCs also contribute to the release of ATP. Our results
show how Piezo1 channels are likely to function in normal RBCs
and suggest a previously unidentified mechanotransductive path-
way in ATP release. Thus, we anticipate that the study will impact
broadly on the research of red cells, cellular mechanosensing, and
clinical studies related to red cell disorders and vascular disease.
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M echanical stress-induced deformation of human red blood
cells (RBCs) plays important physiopathological roles in
oxygen delivery, blood rheology, transfusion, and malaria (1-4).
Recent studies show that, in response to shear-induced stretch,
RBCs release adenosine triphosphate (ATP) (5-9), suggesting the
existence of mechanotransductive pathways in RBCs. Most im-
portantly, RBCs participate in vascular signaling through the
mechanotransductive release of ATP and contribute to the control
of microvascular tone (10, 11). The released ATP from RBCs, for
example, binds and activates the purinergic G protein-coupled
receptors (P2Y receptors) on vascular endothelial cells and
induces the synthesis and release of nitric oxide (12, 13), a
well-known vasodilator. Moreover, impaired release of ATP
from RBCs has been linked to diseases, such as type II di-
abetes and cystic fibrosis (14, 15). Given that RBCs experi-
ence shear stresses continuously during the circulation cycle
and that the released ATP plays a central role in vascular
pathophysiology, understanding of the mechanotransductive
release of ATP from RBCs will provide not only fundamental
insights to the roles of RBCs in vascular homeostasis but also,
potential therapeutic strategies for red cell dysfunction and
vascular disease.

Previous studies have shown that the addition of chemicals that
stiffen RBC membranes decreases the amount of ATP released (9,
16), indicating that deformation of the cell membrane is a neces-
sary trigger. In addition, biological mediators, such as cystic fibrosis
transmembrane conductance regulator (CFTR) and pannexin-1
hemichannels, are involved in the release pathways of mechano-
transductive ATP release from RBCs (9, 14, 17, 18). Inhibition of
CFTR leads to an impaired ATP release from deformed RBCs
(14). Recent studies, including our previous findings, suggest that
interactions between membrane-associated actin and CFTR play
important roles in the mechanotransductive ATP release from
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RBCs (9, 17). Pannexin-1, however, is a channel-forming protein
and has been suggested as a mechanosensing ATP release channel
(18). Under osmotic stress, for example, ATP released from RBCs
was attenuated by carbenoxolone, a highly effective pannexin
channel blocker, suggesting that pannexin-1 might be one of the
conductance channels responsible for the mechanotransductive
release of ATP (18). Although progress has been made in un-
derstanding mechanotransductive ATP release from RBCs, many
questions remain about the signal transduction pathways. For
example, how does mechanical force transduce signals to ATP
release channels? Are there any stretch-activated ion channels on
RBC:s that may sense mechanical forces and activate ATP release?
If so, are there any secondary messengers that could be generated
by mechanical stimuli and regulate ATP release?

Piezo proteins (Piezol and Pizeo2) are recently identified
mechanically activated cation channels in mammals (19, 20) and
can be fully activated without involvement of additional proteins
(20, 21). Piezo-induced cationic currents were first observed in the
Neuro2A mouse cell line, but subsequent studies have shown that
Piezo proteins are able to mediate mechanically activated cationic
currents in a variety of cell types, including endothelial cells (22, 23)
and neuronal stem cells (24). In particular, mature RBCs and
erythroid progenitor cells express Piezol on their membranes (25),
and mutations in the Piezol channels on mature RBCs are associ-
ated with hereditary xerocytosis (HX) (26, 27), a disease that is
characterized by RBC dehydration and hemolytic anemia. To date,
however, the physiological roles of Piezol in healthy RBCs remain
poorly understood (27), and whether Piezol participates in the
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mechanotransductive release of ATP from RBCs is completely
unknown. We hypothesize that Piezol controls shear-induced Ca**
influx in RBCs and participates in the regulation of mechano-
transductive release of ATP from RBCs. To test the hypothesis, we
have implemented a microfluidic approach to control the shear-
induced deformation of RBCs in flow and identify the regulatory
roles of Piezol in shear-induced ATP release and Ca”" influx in
RBCs. Additionally, we show the correlation between stretch-
evoked Ca® influx and ATP release from RBCs and reveal a
threshold concentration of extracellular Ca** necessary for triggering
shear-induced ATP release. Lastly, functional roles of membrane-
associated ATP pools and potential ATP release channels in the
shear-induced ATP release are investigated, and a model of
mechanotransductive ATP release from RBCs is proposed.

Results

Inhibition of Piezo1 Impairs Shear-Induced ATP Release and Ca®*
Influx in Human RBCs. We have developed a microfluidic strategy
to investigate the effects of Piezol on shear-induced ATP release
and Ca®" influx in human RBCs. The principle of the strategy is
similar to our previously shown approach (9). Briefly, a microfluidic
channel with a constriction (I, = 800 pm; w, = 20 pm) is used to
control the magnitude and duration of increased shear stress in
flow, and the dynamics of shear-induced ATP release from human
RBC:s are studied with millisecond resolution. In particular, healthy
human RBCs treated with Piezol inhibitors [gadolinium (Gd**)
(19), ruthenium red (19), or the peptide Grammostola spatulata
mechanotoxin 4 (GsMTx4) (21, 28)] or loaded with a Ca**-sensitive
fluorescence dye (Fluo-4) were injected into the microfluidic
channel at a constant flow rate (3 pL/min) (Fig. 14). The flow rate
is chosen such that RBCs flowing inside the constriction channel
experience a physiological level of shear stress comparable with that
in arterioles (29, 30) (i.e., calculated average shear stress is ~4 Pa in
the constriction channel) (Table S1). In addition, the flow velocity
in the channel does not change with time, and thus, the flow in the
channel is steady. Because space and time are interchangeable for a
steady flow, we are able to apply increased shear and measure the
release of ATP and Ca®" influx with millisecond resolution. The
average flow velocity in the constriction channel (v.), for example, is
~0.083 m s7'; the duration (t.) of increased shear is, thus, ~9.6 ms
(t. = I/vc). To measure the amount of released ATP, we used the
Luciferase-ATP bioluminescent reaction and detected photon

A

emission rate by using a photon-counting photomultiplier tube
(PMT). Average concentration of released ATP was obtained
based on an independently measured calibration curve (Fig.
S1). The magnitude of shear-induced Ca®" influx (i.e., the
fluorescence intensity of Fluo-4) was measured by using the
PMT or a fluorescence camera. In addition, we used a high-
speed camera to track the deformation of individual cells.

We showed that the amount of released ATP from GsMTx4-
treated RBCs (10% vol/vol) was approximately twofold lower
than that from untreated, healthy control RBCs (Fig. 1B). In
addition, control RBCs showed a peak of maximum ATP release
between 125 and 150 ms after the constriction, whereas treated
RBC:s had no such releasing pattern. Decreased ATP release was
also observed when RBCs were treated with other Piezol in-
hibitors (i.e., Gd** and ruthenium red), strongly suggesting that
Piezol channels are involved in the regulation of shear-induced
ATP release from RBCs (Fig. 1C). To rule out the possibility
that decreased ATP release might arise from the impaired
deformability of RBCs on the treatment of Piezol inhibitors, we
performed a cell deformability study by flowing control and
Piezol inhibitor-treated RBCs through a short constriction
channel (/; = 100 pm; w, = 20 pm) (Fig. 1D). By measuring the
change of RBC length using a high-speed camera, we found that
there was no significant difference between control RBCs and
treated cells (Fig. 1E), indicating that treatment with Piezol
inhibitors does not affect RBC deformability.

Inhibition of Piezol channels reduces shear-induced Ca®* in-
flux in RBCs at both the single-cell and population levels. Images
presented in Fig. 24 show typical responses of single RBCs to a
flow-induced stretch in terms of Ca*" influx. In the experiment,
RBCs were loaded with Fluo-4 and immobilized at the bottom
surface of the microfluidic channel, where an average wall shear
stress was estimated as 3.4 Pa. Shear-induced changes in fluo-
rescence caused by Ca”* influx were recorded using a fluores-
cence camera. The fluorescence intensity of control RBCs
subjected to flow was significantly higher than that of RBCs
treated with Piezol inhibitors (Fig. 2B). At the population level,
we flowed Fluo-4-loaded RBCs (10% vol/vol) through the
microfluidic constriction channel (/; = 800 pm; w. = 20 um) and
examined the fluorescence intensity of RBCs before and after
the constriction using a photon-counting PMT. Again, a signifi-
cant increase of fluorescence intensity was observed only when
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Fig. 1. Inhibition of Piezo1 impairs shear-induced ATP release from human RBCs. (A) Schematic of the microfluidic setup for measuring shear-induced ATP
release from RBCs (not to scale). Note that x = 0 indicates the onset of increased shear. (B) Representative measurements of the photon emission rate resulting
from the reaction between luciferase/luciferin and ATP for healthy control and GsMTx4-treated RBCs; t = 0 ms corresponds to the position of x =0 in A. The
approximate average ATP concentration converted from the calibration curve (Fig. S1) is shown on the right axis. Note that GsMTx4 is a peptide that has been
used to inhibit mechanically activated Piezo1 channels. The error bars are reported as the SDs of the mean (n = 11 and 4 for control and treated RBCs,
respectively). (C) Average concentration of released ATP from control and Piezo1 inhibitor-treated RBCs. **P < 0.01. (D) Superimposed series of time-lapse
images showing the deformation of an individual RBC passing through a short constriction (/. = 100 pm; w, = 20 pm). (Scale bar: 20 um.) (E) Normalized
change of RBC length (measured in the flow direction) for cells passing through the short constriction shown in D (8L /L = Lstretched — Loriginal / Loriginal)- Data were
averaged from more than 30 cells for each sample. NS, not significant; RR, ruthenium red.
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Fig. 2. Inhibition of Piezo1 reduces shear-induced Ca" influx in human
RBCs. (A) Fluorescence images of Fluo-4-loaded control and Piezo1 inhibitor-
treated RBCs stretched by shear in a microfluidic device. Calculated average
shear stress is ~3.4 Pa. (Scale bar: 20 um.) (B) Average fluorescence intensity
of control and Piezo1 inhibitor-treated single RBCs. The error bars are
reported as the SDs of the mean (n = 3). ***P < 0.001. (C) Average fluo-
rescence intensity of control and Piezo1 inhibitor-treated RBCs (10% vol/vol)
flowing before and after the constriction channel. The error bars are reported
as the SDs of the mean (n = 8 and 3 for normal RBCs and treated RBCs, re-
spectively). NS, not significant; RR, ruthenium red. *P < 0.05.

control RBCs were flowing through the constriction channel
(Fig. 2C). In addition, the increase of Ca*" influx occurs right
after the constriction and continuously increases along the channel
(Fig. S2), which is unlike the pattern that we observed for shear-
induced ATP release, in which the maximum release of ATP
occurs a period after the constriction.

Shear-Induced ATP Release from Human RBCs Depends on Ca** Influx
and Membrane-Associated ATP Pools. To identify whether Ca** in-
flux in RBCs is necessary for shear-induced ATP release, we
compared the amount of released ATP from RBCs that were
prepared in different concentrations of extracellular Ca®*. Tests on
cells labeled with Fluo-4 revealed that the influx of calcium in-
creased in proportion to the extracellular calcium concentration
(Fig. S3). In the absence of external Ca**, ATP release remained at
baseline (Fig. 34). The average amount of released ATP remained
almost unchanged (~0.34 M), even when the extracellular Ca**
concentration increased from 0 to 0.5 mM (Fig. 3B). When the
extracellular Ca** concentration was above 0.5 mM, however, the
average amount of released ATP increased significantly and in
proportion to the extracellular Ca** concentration (Fig. 3B). This
observation indicates the existence of a threshold of extracellular
Ca®* concentration required for shear-induced ATP release. We
further examined the correlation between shear-induced ATP re-
lease and Ca** influx by using RBCs from patients with HX, which
is known to be associated with mutations of Piezol channels on
RBCs (25-27). Data in Fig. 3 C and D show that both the amount
of released ATP and Ca®* influx from HX RBCs decreased
significantly, suggesting that mutant Piezol channels impair
Ca”" influx and consequently, reduce ATP release.

Lastly, we investigated the roles of membrane-associated ATP
pools and ATP-releasing channels in shear-induced ATP release
from RBCs. Membrane-associated ATP pools in RBCs have
been shown to be able to fuel RBC membrane cation pumps,
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including the Ca®* pumps (31-33). In particular, it has been
suggested that membrane-associated ATP pools supply hypoxia-
induced ATP release from RBCs (31). In our experiment, we
measured the shear-induced ATP release from RBCs treated
with ouabain, which is known to prevent bulk ATP from entering
the ATP pools in RBC ghosts (32). The results showed that
ouabain-treated RBCs have a decreased amount of released
ATP compared with control RBCs (Fig. 44), implying that limited
access to bulk ATP reduces shear-induced ATP release. Meanwhile,
the release of ATP from ouabain-treated RBCs reached its maxi-
mum at ~100 ms after the onset of increased shear, which is ~50 ms
earlier than that of control RBCs. In addition, we performed ex-
periments with the pannexin-1 inhibitor carbenoxolone and the
CFTR inhibitor glibenclamide to explore their roles in shear-
induced ATP release. The results showed that the amount of
released ATP decreases significantly (approximately twofold) in
treated RBCs (Fig. 4B). Notably, the amount of released ATP
from RBCs treated with both carbenoxolone and glibenclamide
was not significantly different from RBCs that were treated with
either carbenoxolone or glibenclamide alone. These findings in-
dicate that carbenoxolone and glibenclamide do not distinguish
between different potential ATP transport pathways. Further-
more, to determine the role of pannexin-1 relative to Piezol in
terms of ATP release, we treated RBCs with both carbenox-
olone and Piezol inhibitor GsMTx4 and measured ATP release.
The results showed an additional reduced release of ATP (0.29 +
0.07 pM) (Fig. 4B) compared with RBCs treated with either
carbenoxolone (0.49 + 0.14 uM) (Fig. 4B) or GsMTx4 (0.45 +
0.05 pM) (Fig. 1C) alone.
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Fig. 3. Ca?' influx regulates shear-induced ATP release from human RBCs.
(A) Measurements of the photon emission rate caused by shear-induced ATP
release in solutions with different concentrations of Ca®*. (B) Dependence
of shear-induced ATP release on extracellular Ca?* concentrations. (C) Ca?*
influx-induced increase of Fluo-4 intensity and (D) shear-induced ATP re-
lease from healthy control RBCs and RBCs from patients with xerocytosis.
The error bars are reported as the SDs of the mean (n = 11 and 4 for con-
trol RBCs and RBCs from patients with xerocytosis, respectively). *P < 0.05;
**%Pp < 0.001.
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Fig. 4. Effects of membrane-associated ATP pools and potential ATP-
releasing channels on shear-induced ATP release from human RBCs. (A) Ef-
fect of ouabain treatment on shear-induced ATP release. Note that ouabain
treatment is used to prevent bulk ATP from entering the membrane-asso-
ciated ATP pools in RBCs. (B) Effect of inhibition of CFTR and/or pannexin-1
and Piezo1 channels on shear-induced ATP release. Carbenoxolone (Carben)
and glibenclamide (Gliben) are used to inhibit pannexin-1 and CFTR, re-
spectively. GsMTx4 is used to inhibit Piezo1 channels. The error bars are
reported as the SDs of the mean (n = 4 for Carben and Carben/Gliben-
treated RBCs; n = 3 for Gliben-treated RBCs; and n = 4 for Carben/GsMTx4-
treated RBCs). *P < 0.05; **P < 0.01; ***P < 0.001.

Discussion

The main finding presented here is that the mechanosensing
cation channel Piezol on RBCs regulates Ca®" influx and par-
ticipates in shear-induced ATP release. This finding is shown by
measuring reduced ATP release and Ca** influx in RBCs that
are treated with Piezol inhibitors. In addition, our data show
that significant ATP release can be activated only when the ex-
tracellular Ca®* concentration is above a threshold, suggesting a
regulatory role of Ca*" influx in ATP release. Thus, it is likely
that shear-induced stretch of RBCs activates the mechanosens-
ing cation channel Piezol, which allows Ca?" influx and conse-
quently, induces ATP release from RBCs. A paper published
after the initial submission of this report shows a role for Piezol
in red cell volume regulation (34), but to the best of our knowl-
edge, our study is the first to show a role of Piezol in the response
of normal human RBCs to physiologically relevant fluid forces that
could have relevance to the regulation of vascular tone.

We previously identified two distinct timescales associated
with the mechanotransductive release of ATP from normal hu-
man RBCs (9) and showed that these were consistent with the
physical processes described in a model of the process involving
CFTR and actin (17). In addition, we investigated the links be-
tween single-RBC dynamics and ATP release and concluded,
based on the effects of different inhibitors, that CFTR and
pannexin-1 respond differently to shear (35). Carbenoxolone is a
pannexin-specific blocker and has been used to block specifically
pannexin activity in a wide range of cell lines, including RBCs
(18, 36-39). In studies that appeared subsequent to our prior
report, however, it was shown that glibenclamide can attenuate
pannexin-1 channel currents (40, 41) and thus, is not specific to
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CFTR (42). As a result, the decreased ATP release from RBCs
treated with both glibenclamide and carbenoxolone may reflect
the reduced activity of pannexin-1 only. The role of CFTR in the
process of ATP release is unclear (43, 44). Early reports (14)
implicated CFTR as a contributor to ATP release from RBCs
based on inhibitor activity and different behaviors of red cells
from cystic fibrosis patients. Subsequently, a direct role for CFTR
in the release of ATP from RBCs was called into question for
several reasons: first, the inability to detect CFTR in RBC
membranes (45); second, whether CFTR itself transports ATP
remains controversial (46); and third, the fact that inhibitors
originally thought to act on CFTR preferentially also block ATP
transport through pannexin-1 (40). The most direct explanation
for our results using carbenoxolone and glibenclamide is that ATP
transport occurs primarily through pannexin-1. The different ATP
transport behavior in cystic fibrosis patients could be explained by
a modulatory effect of CFTR on transport through pannexin-1.

Our results here also show that ATP release correlates with
Ca** influx and that the amount of released ATP and Ca”" influx
in HX RBCs is significantly lower than that in healthy control
RBCs (Fig. 3). HX is linked to mutations of Piezol channels on
RBCs, and such mutations alter the kinetics of Piezol and lead to
RBC dehydration and hemolytic anemia (26, 27). The mutations
result in two important differences in the kinetic behavior of the
Piezol channels in HX cells: the rate of inactivation is slower
(~200 ms), and the latency to activation is longer (26, 27). The
slower rate of inactivation would be expected to extend the open
time of the channels and lead to larger Ca** influx, contrary to
experimental findings. Thus, the more important effect is most
likely the longer latency period before activation, because this
latency should lead to lower Ca®* influx, consistent with experi-
mental findings. In healthy RBCs, activation of Piezol is fast (i.e.,
within a few milliseconds) (26). In our experiment, the duration
of increased shear (f.) is ~9.6 ms, which is long enough to activate
Piezol in healthy RBCs but much shorter than the latency for
activation of mutant Piezol channels in HX RBCs. As a result,
shear-induced Ca®* influx in HX RBCs is significantly lower than
that in healthy control RBCs in our experimental setup.

We also consider the possible contributions of membrane-
associated ATP pools in RBCs to the shear-induced ATP release.
An estimate of the number of ATP molecules released per cell in
our experiments indicates that the membrane pool of ATP is not
large enough to account for all of the ATP released. The ap-
proximate number of ATP molecules released from single RBCs
calculated from our data is ~466,000 (Table S2). This value is
about 20 times more than the pool ATP (e.g., ~27,000 molecules
of ATP for a typical RBC) (33). Thus, it is unlikely that all of the
released ATP comes from the ATP pools, unless there is a much
more rapid refilling of the pool from bulk ATP than has been
previously established. If it is true, as Chu et al. (31) suggest, that
the released ATP comes from the membrane pool, then con-
stant, facile access to bulk ATP (possibly because of membrane
deformation) is presumably required to maintain the pool ATP
for release. This scenario is consistent with our observations of
the inhibitory effects of ouabain that we have observed. Exper-
iments on RBC ghosts have led to the conclusion that ouabain
acts to prevent replenishment of the membrane pools from bulk
ATP. This limited access of membrane-associated ATP pools to
the bulk ATP because of ouabain treatment would result in a
reduced amount of releasable ATP in the pools and conse-
quently, a decreased ATP release, which we have observed. It
should be noted, however, that ATP compartmentation in hu-
man RBCs was discovered in RBC ghosts, and direct evidence of
the presence of ATP pools in intact RBCs remains elusive, al-
though indirect arguments in favor of the presence of pools in
intact cells have been made (32, 47).

Our results, however, raise the question of how Ca®" influx in
RBC:s relates to ATP release. The dependence of ATP release
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on intracellular Ca®* has been shown in various cell lines, including
urothelial and endothelial cells (48, 49). Indeed, functional roles of
Piezol in stretch-evoked Ca®* influx and ATP release in urothelial
cell cultures have been shown recently (48). In these cell types,
however, a Ca**-regulated vesicular exocytosis is commonly in-
volved in the process of ATP release. RBCs are lacking organelles,
such as the Golgi complex, to form vesicles, and consequently, the
Ca®*-regulated vesicular exocytosis is not applicable to the ob-
served relation between Ca®" flux and ATP release from RBCs.
However, it has been shown that locally increased Ca** levels near
the RBC plasma membrane reduce the interactions between 4.1R
and the spectrin-actin network (50) and increase the depolymer-
ization of actin filaments (51). Given that CFTR can be activated
by membrane-associated actin molecules and induces ATP release
(14, 17), it is possible that Ca®* participates in the process of ATP
release by modulating the interactions between actin and CFTR.
Furthermore, because pannexin-1 channels can be activated
by cytoplasmic Ca?* (52), it is also possible that shear-induced
Ca®" influx activates pannexin-1 directly and triggers ATP re-
lease. However, Piezol inhibitors do not block completely Ca®*
influx (Fig. 2B), and thus, a basal ATP release is still observed
(Fig. 1C). This basal ATP release can be further reduced when
both Piezol and ATP-releasing channel pannexin-1 are inhibited
(Fig. 4B, carbenoxolone and GsMTx4 treatment). In this case,
the amount of released ATP (0.29 + 0.07 pM) (Fig. 4B) is
comparable with that of ATP released in 0 mM extracellular
Ca*" solution (0.34 + 0.02 uM) (Fig. 3B), emphasizing the reg-
ulatory role of Ca*" influx in ATP release. The fraction of re-
leased ATP inhibited by carbenoxolone (0.49 + 0.14 pM) (Fig.
4B), however, is approximately the same as that inhibited by
Piezol inhibitor GsMTx4 (0.45 + 0.05 uM) (Fig. 1C).
Shear-induced Ca®" influx can activate plasma membrane
Ca”*" ATPase (PMCA) (53-55) that pumps extra Ca** out of the
cell rapidly. As a result, intracellular Ca®" decreases quickly,
which may down-regulate the ATP release. Indeed, considering
the kinetics of PMCA activity and the timeframe of ATP release,
this mechanism seems feasible. The turnover rate of PMCA is
50-300 per second (56, 57), the number of pump units per cell is
400-700 (57), and the increased intracellular Ca** levels in
RBC:s caused by the mechanical deformation are 12-24 nM (55).
Combining these numbers, we estimate a timescale for PMCA to
remove the extra Ca®* of 30-100 ms, which is comparable with
the duration of ATP release (~100 ms). Therefore, it seems
likely that the parallel activities of PMCA and ATP release
compete in Ca”* use inside the cell and that the dynamic con-
centration of intracellular Ca>* determines the patterns of ATP
release. When a slight increase of intracellular Ca®* occurs be-
cause of shear-induced Ca®* influx, for example, PMCA pumps
the extra Ca®* out of the cell, rapidly leaving a negligible amount
of Ca®* to trigger ATP release. When intracellular Ca** in-
creases significantly, however, it will take a period for the PMCA
to pump the extra Ca®* out of the cell, and consequently, there
will be a sufficient amount of intracellular Ca** to trigger ATP
release. After extra intracellular Ca** ions are pumped out
completely, ATP release stops. This process explains the exis-
tence of a threshold of extracellular Ca®* concentration that
triggers ATP release and the transient ATP release patterns that
we observed in this study and previous studies. Collectively, we
propose a model to account for the observed mechanotransductive
release of ATP from RBCs (Fig. S4). It is important to note that
our data indicate that Ca®* influx is important for mechanically
induced ATP release, but whether this observation results from
modification of cytoskeletal stability or whether the release might
be modulated by either PMCA activity or Ca** acting directly on
ATP release channels remains to be determined. In addition, our
data show that neither inhibitors nor mutation can block ATP
release or Ca®* entry completely. Instead, the decrease in ATP
release and Ca®" entry brought about by inhibitors or mutation is
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about one-half of the normal amount. Furthermore, basal ATP
release can still occur when extracellular Ca** is 0 mM (Fig. 3B) or
both Piezol and pannexin-1 channels are inhibited (Fig. 4B). These
results, thus, suggest that (i) Ca®" influx is necessary only when a
significant amount of ATP release is required and (i) pathways
other than Piezol-regulated Ca®" influx also participate in shear-
induced Ca®* entry and ATP release.

In summary, we show for the first time, to our knowledge, a
regulatory role of Piezol in shear-induced ATP release from hu-
man RBCs and provide evidence for a Ca®*-triggered ATP release
model. Our studies represent a substantial step forward in un-
derstanding the mechanotransductive release of ATP from RBCs,
which will be critical to the development of improved therapeutic
strategies for red cell dysfunction and vascular disease. After such
strategies become available, for example, in diseases that are as-
sociated with impaired ATP release from RBCs, pharmacologic
regulation of the calcium influx in RBCs could be used to achieve
enhanced ATP release. Conversely, when less ATP release is
needed (for example, to store RBCs or in the case of handling
blood using mechanical devices), the calcium influx could be de-
creased. Decreasing activity of Piezol is likely to be sufficient for
this purpose. Thus, important advances in the therapy of diseases
and complications that are associated with the release of ATP from
RBCs are expected. In addition, because of the high spatiotem-
poral resolution of the developed microfluidic approach, we an-
ticipate that the experimental procedure developed here will be
useful for elucidating the dynamics of Piezo1 channels at the whole-
cell level, which has been known to be critical and much needed for
extrapolation of patch recordings results to functionality (58).

Materials and Methods

ATP Measurement. We used a microfluidic channel with a constriction for
shear-induced ATP measurement. The width of the channel before and after
the constriction is 100 um; the constriction is 20-um wide (w.) and 800-um
long (Ic). The height of the channel is uniformly 30 um. Bioluminescent light
was measured at different positions along the microfluidic channel by using
a 63x oil objective on a microscope (Leica DMI 6000B; Leica). [This objective
has lower magnification than the one that we used in previous studies,
resulting in a larger field of view. This large field of view has the conse-
quence that sensitivity is increased slightly, because we are gathering light
from a larger area, but temporal resolution is decreased, because cells re-
main in the field of view for longer periods of time. This lower temporal
resolution results in an ATP release profile that is slightly different in ap-
pearance than that reported in previous studies (9).] The emitted light is
passed to the photomultiplier detector, which is connected to the micro-
scope by a C mount as a part of the separate photo detection system
(RatioMaster; Photon International Technology). The time of release of ATP
is then obtained by taking advantage of the space-time equivalence in time-
invariant flows in microfluidic channels. All experiments were performed at
room temperature (25 °C) and inside a dark room. Microfluidic device fabri-
cation, RBC preparation, cell deformability measurements, and statistical
analysis are described in S/ Text. This research was approved by the In-
stitutional Review Boards at the Rochester Institute of Technology and the
University of Rochester School of Medicine.

Ca”* Measurement. The same microfluidic device used to measure ATP release
was used to measure shear-induced Ca®* influx. RBCs at 10% (vol/vol) were
loaded with Fluo-4 by incubating the cells at 37 °C for 30 min in 5.0 pM Fluro-
4:00 AM Dye (Life Technologies). Cells were then washed three times using a
physiological salt solution and injected into the microfluidic device. Cells were
excited at 488 nm with a monochromator light source (RatioMaster; Photon
International Technology), and the emitted light intensity was measured
with the photon detection system (RatioMaster; Photon International
Technology) using a GFP filter. Images of cells stretched by fluid shear
were taken with a digital charge-coupled device (CCD) (Hamamatsu ORCA-
R2; Hamamatsu). A 75-W Xenon Lamp (Leica) was used to excite the cells, and
software exposure settings were kept the same throughout each experiment.
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