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ABSTRACT

Activated platelets adhere to the exposed subendothelial extracellular matrix and undergo a rapid
cytoskeletal rearrangement resulting in shape change and release of their intracellular dense and alpha
granule contents to avoid hemorrhage. A central step in this process is the elevation of the intracellular
Ca?* concentration through its release from intracellular stores and on throughout its influx from the
extracellular space. The Epithelial sodium channel (ENaC) is a highly selective Na* channel involved in
mechanosensation, nociception, fluid volume homeostasis, and control of arterial blood pressure. The
present study describes the expression, distribution, and participation of ENaC in platelet migration and
granule secretion using pharmacological inhibition with amiloride. Our biochemical and confocal analy-
sis in suspended and adhered platelets suggests that ENaC is associated with Intermediate filaments (IF)
and with Dystrophin-associated proteins (DAP) via a-syntrophin and 3-dystroglycan. Migration assays,
quantification of soluble P-selectin, and serotonin release suggest that ENaC is dispensable for migra-
tion and alpha and dense granule secretion, whereas Na* influx through this channel is fundamental for
platelet collagen activation.

© 2014 Elsevier GmbH. All rights reserved.

Introduction

Blood platelets are small anucleated cell fragments derived
from megakaryocytes that prevent blood loss after vessel injury
by means of adhering to the exposed subendothelial Extracellular
matrix (ECM), collagen being the most thrombogenic component
(Baumgartner and Haudenschild, 1972). In response to ECM com-
ponents, platelets undergo fast cytoskeletal reorganization that
results in a change of shape, the release of intracellular dense
and alpha granule contents, and adhesion to the damaged ves-
sel, thus stopping hemorrhage. Secondary mediators released from
the dense and a-granules strengthen the activated state, recruit-
ing more platelets to the site of injury. Adhesion of platelets
to the damaged endothelium promotes the formation of actin-
based structures such as filopodia, lamellipodia, stress fibers,
and a contractile ring, which that centralize the granules, form-
ing a structure denominated granulomere. Independent of the
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signaling pathway triggered by any of the physiological platelet
agonists, a sustained and significant increase in intracellular cal-
cium concentration [CaZ*]; occurs. This increase consists of the
release of compartmentalized calcium through the store-operated
Ca2* entry (SOCE) (Alonso et al., 1991) and the entry of extracellu-
lar Ca2* at the plasma membrane through the stromal interaction
molecule (STIM1), a sensor in the dense tubular system, and Orail,
the major store-operated Ca%* (SOC) channel in the plasma mem-
brane or the Na*/Ca?* exchanger (Braun et al., 2009), contributing
to hemostatic platelet responses.

The Epithelial sodium channel/Degenerin (ENaC/Deg) family
comprises cation-selective ion channels found widely expressed
in animals from hydra and nematodes to vertebrates. ENaC are
highly selective Na* channels assembled from three homologous
subunits termed «, 3, and . These channels are expressed at the
apical membrane of Na* transporting epithelia, where they facil-
itate Na* reabsorption from the luminal space. ENaC-mediated
Na* reabsorption in the distal nephron is important for fluid
volume homeostasis and control of the arterial blood pressure
(Kellenberger and Schild, 2002). In the airways, ENaC contribute
to the maintenance of the airway surface-liquid and mucociliary
clearance (Mall et al., 2004). ENaC were initially characterized in
the apical membrane of native epithelia as highly selective for
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sodium over potassium and sensitive to amiloride (Palmer and
Frindt, 1986).

ENaC subunits also play a role in the myogenic response, where
vascular smooth muscle cells contract in response to stretching
(Drummond et al., 2008), suggesting that ENaC is a mechanosensi-
tive channel. Little is known regarding how extracellular signals are
transmitted to the pore of the channel and subsequently alter chan-
nel gating. It has been proposed that these channels are tethered
through their intra- and extracellular regions to the cytoskeleton
and the Extracellular matrix (ECM), respectively (Chalfie, 2009).

ENaC subunits possess two membrane-spanning helices (TM1
and TM2), resulting in cytoplasmic amino and carboxyl termini. The
cytoplasmic domains have sites that are phosphorylated by spe-
cific kinases, bear specific motifs that direct protein-protein and
protein-lipid interactions that affect channel gating and/or traf-
ficking, and have sites that may directly influence channel gating
or trafficking. In addition, carboxyl termini serve to link the chan-
nel to the cytoskeleton by binding a-spectrin and possibly actin
(Copelandetal.,2001).The Dystrophin glycoprotein complex (DGC)
is an oligomeric complex involved in both mechanical stabilizing
and signaling roles in mediating interactions among the cytoskele-
ton, membrane, and ECM. It is thought that the DGC provides proper
anchoring and/or clustering to ion channels by its direct or indi-
rect binding to ion transport systems at the plasma membrane
(Dalloz et al., 2003). In addition to dystrophin, dystroglycan and
syntrophins are also components of the DPC core. The syntrophin
family of adaptor proteins is composed of the following five mem-
bers: syntrophins a-; B1-; 2-; y1-, and y2- (Adams et al., 1993).
Each syntrophin contains a Post-synaptic density protein-95, a
Drosophila disc large tumor suppressor, and a Zonula occludens-
1 protein (zo-1) PDZ domain and two Pleckstrin homology (PH)
domains. PDZ domains bind to the C-terminal tails of many differ-
ent classes of transmembrane protein, but can also participate in
homotypic interactions with other PDZ domains containing pro-
teins, including neuronal Nitric oxide synthase (nNOS), as well as
in the regulation and localization of various ionic channels and
membrane-binding proteins (Brenman et al., 1996).

Dystroglycan is a matrix receptor that spans the plasma mem-
brane linking the cytoplasmic components of the DGC to the ECM.
Dystroglycan proteolysis produce two subunits, denominated «-
dystroglycan and [3-dystroglycan; a-dystroglycan binds to ECM
proteins, including some laminins, perlecan, agrin, and the neurex-
ins (Michele and Campbell, 2003). 3-Dystroglycan associates with
a-dystroglycan at the plasma membrane, whereas the 3-Dg trans-
membrane anchors the a-dg to the cell membrane and is linked
to the actin cytoskeleton via dystrophin, or its isoforms, or its par-
alogue, utrophin, providing structural integrity. In addition, Dg is
ideally located for transducing signals from the ECM to the inside
of cells, in a similar manner to integrins (Ilsley et al., 2001).

In platelets, several classes of ion channels have been identi-
fied, including Adenosine triphosphate (ATP)-gated P2X1 channels,
Orail Store-operated Ca%* (SOC) channels (Schmidt et al., 2011),
voltage-gated K, 1.3 channels (McCloskey et al., 2010), ionotropic
glutamate receptors of the 2-Amino-3-(3-hydroxy-5-Methyl-
isoxazol-4-yl) Propanoic Acid (AMPA) (Morrell et al., 2008), and
kainate subtypes (Sun et al., 2009), and connexin-specific Gap junc-
tion (GJ) channels (Vaiyapuri et al., 2012). However, the expression
of ENaCin platelets has not been fully characterized, and it is within
this context that, in the present communication, we sought to
establish its presence, distribution, and association. Confocal anal-
ysis showed the redistribution and co-localization of ENaC from
resting to adhered platelets from the cytoplasm to the plasma
membrane and the granulomere zone. Immunoprecipitation assays
indicated that ENaCis associated with desmin and vimentin, as well
as with a-syntrophin. Platelet migration assays, as well as alpha and
dense granule secretion, were not importantly disturbed with ENaC

inhibition. In contrast, pharmacological treatment with amiloride
severely affected Na influx in collagen-activated platelets. These
results demonstrate ENaC expression in platelets and suggest their
involvement in platelet activation.

Materials and methods
Platelet preparation

Platelets were obtained by venopuncture from healthy donors
who had not received any drug during the 10 days prior to sam-
pling and who gave consent for the procedure to be carried out.
Blood was immediately mixed with citrate anticoagulant including
dextrose at pH 6.5 (93 mM sodium citrate, 70 mM citric acid, and
140 mM dextrose) at a blood:anticoagulant ratio of 9:1. Platelet-
rich plasma was obtained from total blood by centrifugation at
100 x g for 20min at room temperature, and was subsequently
mixed with an equal volume of citrate anticoagulant and cen-
trifuged at 400 x g for 10 min (White, 1983). The platelet pack was
suspended and washed twice with Hank’s balanced saline solution
(HBSS) without calcium (137 mM Nacl, 5.3 mM KCl, 1 mM MgCls,
0.28 mM NazHPO4~12 Hzo, 0.87 mM NaH2P04, 0.44 mM KH2P04,
4.1 mM NaHCO3, and 5.5 mM glucose) and counted in a hematocy-
tometer.

Antibodies

Monoclonal antibodies are referred to as mAb, while polyclonal
antibodies are denominated pAb. a-ENaC pAb Catalogue (Cat.) no.
sc-21012, actin mAb no. sc-8432, a-tubulin mAb Cat. no. sc-5286,
NOS3 pAb Cat. no. sc-654, a-syntrophin pAb Cat. no. sc-13757, [3-
dystroglycan pAb Cat. no. sc-30405, desmin pAb Cat. no. sc-7559,
vimentin pAb Cat. no. sc-7557, PYK2 pAb Cat. no. sc-9019, FAK pAb
Cat. no. sc-557, and p-Tyrosine (p-Tyr) agarose beads Cat. no. sc-
24957 were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA), while a-syntrophin pAb (P6) was the kind gift of D.
Mornet (Rivier et al., 1997).

Preparation of inhibitors

A 2-pM Amiloride (AMR) solution (2 x ) (Sigma Chemical Co., St.
Louis, MO, USA) was directly dissolved in HBSS, a 5-puM/mL KB-
R7943 solution (2x), a 10-wM BAPTA solution (2x), a 10-wM PP2
solution (2x), a 10-wM W7 solution (2x), and a 10-uwM Genistein
(2x) (Tocris-Cookson, Ellisville, MO, USA) was prepared in HBSS
from concentrated solutions diluted in Dimethyl sulfoxide (DMSO).

Treatment of platelets with inhibitors

Resting platelets in suspension were incubated with the
same volume of the drugs to obtain the previously men-
tioned final concentrations of AMR 2 uM, KB-R7943 5puM,
BAPTA (10 wM), PP2 (10 wM), W-7 (N-[6-aminohexyl]-5-chloro-1-
naphthalenesulfonamide) (10 wM), Genistein (10 M), and Na3VO,4
(1 M) for 60 min at room temperature.

RNA isolation

Resting platelets were suspended in TRIzol® Reagent, and total
RNA was isolated according to the product insert.

Reverse transcriptase-PCR
cDNA was synthesized from total RNA (3 mg) by Oligo (dT)

20 (5mM) primed reverse transcriptase according to the prod-
uct insert using ThermoScript™ Reverse Transcriptase. Primers for
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ENaCa forward (5'-CTTTGGCATGATGTACTGGCA-3’) and reverse
(5’-GGAAGACGAGCTTGTCCGAGT-3'); ENaCf3 forward (5'-GAGCCC-
TGCAACTACCGGA-3’) and reverse (5'-GCCGAAGGAAGTGCCTTCTC-
3’); ENaCvy forward (5'-GCCCTGAAGTCCCTGTATGG-3') and reverse
(5’-CGGTGGGAGAATCTAGGCTG-3') (Shlyonsky et al., 2005) and
GAPDH. PCRs were performed in a 25 pL total reaction volume
(1.1x Master Mix Red Taq DNA polymerase, 1.5 mM MgCl, and
100nM of each appropriate forward and reverse primers in an
Eppendorf Mastercycler Gradient). An initial cycle step at 94 °C for
5 min was followed by 35 cycles with a 1 min denaturation at 94 °C,
1 min annealing with an initial temperature of 60 °C,64 °Cand 61 °C
for ENaCa, ENaC3 and ENaCv, respectively, followed by 30 s primer
extension at 72 °C, followed by 5 min at 72 °C to ensure complete
extension. PCR products were visualized by means of a 1.0% (w/v)
agarose gel containing ethidium bromide.

Transwell® experiments

2 x 10° Control or inhibitor-treated platelets were placed on
upper chamber of 0.4-pm-pore 24-well inserts (Corning, NY,
USA). The lower chamber contained lysate platelets (100 ng/mL)
or solvent control DMSO in Iscove’s modified Dulbecco’s medium
(IMDM) medium. Platelets were migrated through the membrane
for2 hat37°C, were counted with a hemocytometer, and were con-
firmed using a flow cytometer (BD FACSCalibur; San Jose, CA, USA)
in the platelet gate.

Serotonin release

Resting platelets (2 x 10°/mL) were incubated in vehicle
(DMSO) and in absence of amiloride 2 wuM and KB-R7943 5 M,
and subsequently activated with collagen 10 M for 4 min.
Supernatants were collected and processed by Enzyme-linked
immunosorbent assay (ELISA) for quantitative detection of sero-
tonin (Enzo Life Sciences, Inc., Ann Arbor, MI, USA) levels according
to the manufacturer’s instructions. Standards were included. Plates
were read at 405nm on a microplate reader (Molecular Devices,
Sunnyvale, CA, USA) using soft-max-Pro software (Molecular
Devices). Mean blank reading was subtracted from each sample
and each control reading. A standard curve was plotted, and the
serotonin concentration in each sample was determined by inter-
polation from the standard curve. Three independent experiments
were performed and average Standard errors of the mean (+SEM)
results are presented graphically.

Evaluation of sP-selectin

Resting platelets (2 x 10°/mL) were incubated with amiloride
2 uM and KB-R7943 5 uM and then activated with collagen 10 uM
for 4 min. Supernatants were collected and processed by Enzyme-
linked immunosorbent assay ELISA for quantitative detection of
soluble human P-selectin (sP-selectin) (Invitrogen, Camarillo, CA,
USA) levels according to the manufacturer’s instructions. Stan-
dards were included. Plates were read at 450 nm on a microplate
reader (Molecular Devices) using soft-max-Pro software (Molecu-
lar Devices). Mean blank reading was subtracted from each sample
and each control reading. A standard curve was plotted, and the
sP-selectin concentration in each sample was determined by inter-
polation from the standard curve. Three independent experiments
were performed and average 4+ SEM results are presented graphi-
cally.

Immunofluorescence assays

Fixed resting control DMSO platelets and platelets treated with
Amiloride (AMR) were allowed to adhere to glass cover slips in

a wet camera for 20 min. Non-fixed resting control platelets and
AMR-treated platelets were adhered to glass cover slips in a wet
camera for 20 min; non-adhered cells were removed by washing
with HBSS, were fixed, and were permeabilized with a mixture
of 2% p-formaldehyde and 0.04% NP40 in PHEM solution (100 mM
PIPES, 5.25 mM HEPES, 10 mM EGTA, and 20 mM MgCl, ). Platelets
were first incubated with specific primary antibodies diluted in
PBS 0.1% Bovine serum albumin (BSA) and incubated for 2 h. Cells
were washed with PHEM solution and incubated for 1 h with sec-
ondary antibody conjugated to Alexa-Fluor-488 or Alexa-Fluor-568
(Molecular Probes, Life Technologies, Grand Island, NY, USA) and
then washed several times with PHEM and mounted in glycerol
80%. Slides were observed using a Leica confocal instrument model
TCS-SP5 Mo, lasers were configured to 20% (17% outside) for Argon
and 45% for He/Ne 543, and images were taken at 63 x zoom 7x
at 1024 x 1024 pixels with an HCX PL APO 63/1.40-0.60 DIL CS oil
immersion. Optical sections (z) were performed at 118 nm with
one Airy unit. Negative controls included cells incubated with an
irrelevant polyclonal antibody and slides were only exposed to
secondary antibodies conjugated to the fluorochromes. Likewise,
platelets incubated with 0.1% DMSO were processed for 1 h as the
solvent control.

Western blotting

Lysates from resting and adhered platelets obtained in Sodium
dodecyl sulfate (SDS) and (3-mercaptoethanol were boiled for
5min, subjected to 10% SDS-Polyacrylamide gel electrophoresis
(PAGE), and transferred onto nitrocellulose membranes using a
semi-dry system (Thermo Electron Co., Milford, MA, USA). Mem-
branes were incubated with appropriate primary antibodies, then
with Horseradish peroxidase (HRP)-conjugated secondary anti-
bodies visualized using an enhanced chemoluminescence Western
blotting analysis system (Santa Cruz Biotechnology, Inc.), and were
documented using T-mat G/RA film (Kodak, Rochester, NY, USA).
Negative controls comprised transferred strips incubated solely
with HRP-conjugated secondary antibodies.

Immunoprecipitation assays

Resting and adhered platelets were lysed for 15min at 4°C
with an equal volume of 2x lysis buffer (2 mM EGTA, 100 mM
HEPES, 150 mM NacCl, and 2% NP40, pH 7.4) containing a pro-
tease inhibitor cocktail. Lysates were incubated for 2 h at 4°C with
the immunoprecipitating antibodies and subsequently incubated
overnight with Rec Protein G-Sepharose (Santa Cruz Biotechnol-
ogy). Immunoprecipitates (Ip) were separated by centrifugation
and washed with NP40-free lysis buffer, then re-suspended in 2X
sample buffer (125 mM Tris-HCl, 4% SDS, 20% glycerol, 0.01 mg/mL
[3-mercaptoethanol and bromophenol blue, pH 6.8) and boiled for
5min. Immunoprecipitated proteins (Ip) and supernatants were
analyzed by Western blotting.

Glutathione-S-transferase binding assays

Glutathione S-transferase (GST) pull-down assays were per-
formed as previously described (Cerna et al., 2006). To express
and purify GST and GST-[3-dystroglycan, BL21 DE3 bacteria were
transformed with pGex-4T1 (Amersham Biosciences Co., Piscat-
away, NJ, USA) and pGFP-3-Dg vectors, respectively. To perform
pull-down assays, a similar amount of GST or GST-3-Dg fusion pro-
tein that was immobilized onto 20 pL of glutathione-Sepharose
beads was incubated for 2 h at 4°C on a rotator with 1 mg of rest-
ing whole platelet extract prepared in radioimmunoprecipitation
assay buffer containing 1% (v/v) Triton X-100 and 0.1% (w/v) Sodium
dodecylsulphate (SDS). Beads were recovered by centrifugation at
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6000 rpm for 5 min and washed five times with 1 mL ice-cold NETN
buffer. Finally, platelet endogenous proteins bound to glutathione-
Sepharose were eluted by adding an equal volume of 2X sample
buffer and heating at 95 °C, which was then analyzed by SDS-PAGE)
and immunoblotting.

Sodium influx

The effect of ENaC inhibitor on collagen-activated platelets in
[Na*]; was evaluated; to this end, platelets suspended in 140 mM
NacCl, 4.9 mM KCl, 1.2 mM MgCl,, 1.4 mM KH;POy4, 5.5 mM glucose,
and 20 mM HEPES (pH 7.4)] were exposed to 2 .M amiloride before
their activation with 10 g/mL collagen. Platelets were loaded with
sodium-sensitive fluorescent dye SBFI (10 M) (Life Technologies,
Eugene, OR, USA) according to a published technique (Roberts et al.,
2004). The time course of the fluorescence emission of platelet
cells upon each treatment was recorded using an LS-55 Spec-
trofluorometer (Perkin-Elmer, Waltham, MA, USA) equipped with a
water-jacketed cell holder for temperature control. All experiments
were performed using cells with 0.4-cm path length at 25 °C. Exci-
tation wavelengths were either 345 or 385 nm, correspondingly,
and the fluorescence emission was collected at 500 nm.

Statistical analysis

Data obtained from serotonin and sP-selectin quantification was
expressed as +SEM), and the results are presented graphically. Sta-
tistical analysis was carried out with GraphPad Prism for Windows
ver5 software (GraphPad Software, Inc., La Jolla, CA, USA). One-
way Analysis of variance (ANOVA) with a multiple comparison test
(Tukey test) was utilized for data analysis. Statistical significance
was defined as p <0.05.

Results
ENaC platelet mRNA expression

In order to provide convincing evidence of platelet ENaC expres-
sion, we undertook two approaches, an RT-PCR strategy and
a Western blot-based detection. Total RNA was extracted from
human platelets, and RT-PCR was performed using primers spe-
cific to a-ENaC, B-ENaC and y-ENaC. The products were visualized
in an ethidium bromide agarose gel. The primers chosen for the
three isoforms yielded the expected bands of 59, 62 and 61 bp for
a-ENaC, B-ENaC and y-ENaC, respectively, and a band of 496 bp for
GAPDH (Fig. 1A). Sequencing of these PCR products confirmed the
identity as a-ENaC, 3-ENaC and y-ENaC, respectively.

Total lysates of HeLa and MDCK cells, and platelets were probed
with anti-a-ENaC polyclonal antibody (Fig. 1B). The a—ENaC anti-
body detected the expected band migrating at ~75 kDa.

ENaC is associated with intermediate filaments in resting and
adhered platelets

There is evidence of direct binding between ENaC and cytoskele-
tal components (Mazzochi et al., 2006). In order to establish the
interactions of ENaC and platelet cytoskeleton components, we
performed double immunofluorescence staining utilizing an anti-
body raised against a-ENaC revealed with a secondary antibody,
Alexa-Fluor-488. Actin filaments were identified with Tetramethyl
rhodamine iso-thiocyanate (TRITC)-phalloidin, microtubules with
an a-tubulin antibody, and intermediate filaments via desmin
antibody, all labeled with secondary antibody conjugated to Alexa-
Fluor-568 inresting and adhered platelets. Suspended and adhered
platelets treated with amiloride 2 uM were also processed for

No primary anti-a-ENaC

Fig. 1. Characterization ENaC in resting human platelets. Panel A. ENaC mRNA
expression by PCR. PCR products from human platelets loaded on a 1.2% agarose
gel containing ethidium bromide. GAPDH (1), a-ENaC (3), B-ENaC (5), y-ENaC (7).
Lines 2, 4, 6, and 8 corresponded to negative controls. Data are representative from
three repeated experiments. Panel B. Western blot analysis of the a-ENaC expres-
sion in human platelets. Total lysates protein from HeLa and MDCK cells and human
platelets were resolved by western blot and probed with anti-a-ENaC polyclonal
antibody revealing the corresponding band of 75 kDa. Controls incubated without
primary antibody were included.

triplicate. Negative controls were also included. Confocal analy-
sis showed that in suspension platelets, a-ENaC was distributed
in discrete patches at the cytoplasm (Fig. 2, left inset). In adhered
platelets, the patched pattern is conserved at the plasma mem-
brane and the cytoplasm is concentrated particularly at the region
in which the granules are centralized (granulomere). Platelets have
two discrete membrane systems not found in other blood cells:
the open canalicular system (OCS), and the dense tubular system
(DTS) with no apparent physical communication between them and
restricted to one or two areas of the cytoplasm (White, 1999).

In resting platelets, F-actin is observed in clusters around the
platelet, while microtubules are organized as concentric rings
around the periphery of the platelet; desmin is observed as cyto-
plasmic thick aggregates. The adhesion process triggers dramatic
changes for the three-cytoskeleton elements. F-actin is reorga-
nized into bundles radiating from the granulomere zone in front of
the plasma membrane, microtubules were fragmented and redis-
tributed through the cytoplasm, and desmin was observed at
the cytoplasm and plasma membrane. Merged images between
a-ENaC and cytoskeleton elements showed an apparent co-
localization with F-actin and desmin in resting and adhered
platelets.

Amiloride partially prevented full spreading, concentrating the
presence of a-ENaC at the plasma membrane as patches; platelets
that did not fully extended maintained F-actin, microtubules, and
desmin with a patched pattern. Apparently, only a-ENaC and
desmin proteins partially co-distributed in resting or adhered
platelets treated with amiloride.

To corroborate the data observed by confocal analysis, we per-
formed immunoprecipitation assays from control (DMSO), resting,
and fully adhered platelet extracts using an a-ENaC antibody. Total
(LT) and Ip extracts were resolved by Western blot (Fig. 2B). The
results showed that a-ENaC was precipitated only with vimentin
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Fig. 2. The Epithelial sodium channel (ENaC) is associated with intermediate filaments in resting and adhered platelets. Panel A (left). Control suspended and adhered platelets
on glass for 20 min were analyzed by confocal microscopy after processing for double-labeling using antibodies directed against ENaC identified with secondary antibodies
labeled with Fluorescein iso-thiocyanate (FITC) and phalloidin labeled with Tetramethyl rhodamine iso-thiocyanate (TRITC), and antibodies directed against a-tubulin and
desmin were revealed with secondary antibodies conjugated to Alexa-Fluor-488. The respective merged images are shown. Scale bar=1.5 pm. Panel A (right). Suspended
platelets and settled platelets on glass incubated with Amiloride (AMR) were analyzed by confocal microscopy after processing for double-labeling, employing antibodies
directed against ENaC identified with secondary antibody conjugated to Alexa-Fluor-488, and phalloidin labeled with Tetramethyl rhodamine iso-thiocyanate (TRITC), and
antibodies directed against a-tubulin and desmin were revealed with secondary antibodies conjugated to Alexa-Fluor-568. The respective merged images are shown. Controls
were performed with only secondary antibodies. Scale bar = 1.5 um. (n = three independent experiments). Panel B. Control suspended resting and glass adhered platelets for
20 min and suspended resting and glass-adhered platelets treated with AMR (2 wM) were processed for immunoprecipitation assays using the anti-ENaC antibody (IP) n=3.
Proteins from total Extracts (E) and Immunoprecipitates (Ip) were analyzed by immunoblot utilizing antibodies against actin, a-tubulin, desmin, vimentin, and ENaC. Bands
corresponding to desmin, vimentin, and ENaC were detected. None of these proteins were detected in control IgG immunoprecipitates (IgG0 lane). (n = three independent
experiments).

in suspended platelets treated with amiloride, while in adhered Alexa-Fluor-488 secondary antibody, while (3-dystroglycan ([3-dg),
platelets a-ENaC co-precipitated vimentin treated with or with- and a-syntrophin (a-syn) were identified using respective primary
out amiloride, in contrast to the bands revealed with desmin that antibodies revealed with Alexa-Fluor-568 secondary antibodies.
were present in controls or the amiloride in resting and adhered a-Syntrophin displayed a cytoplasmic localization, while [3-
platelets. None of the analyzed proteins was immunoprecipitated dystroglycan was mainly located around the plasma membrane

with an unrelated IgGO antibody, confirming assay reliability. in control resting platelets. Under these conditions, there was no
These results showed that desmin is the cytoskeleton element co-localization of a-ENaC and DAPC.
responsible for attaching a-ENaC to the platelet plasma membrane In control adhered platelets, a-syntrophin and (3-dystroglycan
in suspended and adhered conditions. showed similar distribution at the plasma membrane and granu-
lomere zone with a patched pattern. Co-localization was clearly
ENac is associated with dystrophin-associated proteins (DAP) observed at the plasma membrane and granulomere suggesting
their feasible association.
To determine whether pENaC platelets exist with the Confocal microscope analysis of suspended and adhered

Dystrophin-associated protein complex (DAPC) as in muscle platelets treated with amiloride showed a punctuate pattern of
and brain (Gee et al, 1998), double immunofluorescence was  @-ENaC and DAPC elements mainly located at the cytoplasm of
performed in control resting and adhered platelets treated suspended platelets (Fig. 3A, insets). After the adhesion process a-
or not with amiloride Negative controls were also included. ENaC co-distributed with a-syntrophin at the granulomere zone
ENaC was visualized using a primary antibody revealed with a, but not with B-dystroglycan.
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Fig. 3. The Epithelial sodium channel (ENaC) is associated with Dystrophin-associated proteins (DAP). Panel A (left). Control suspended and adhered platelets on glass
for 20 min were analyzed by confocal microscopy after processing for double-labeling utilizing antibodies directed against ENaC identified with secondary antibodies
labeled with secondary antibody conjugated to Alexa-Fluor-488, and antibodies directed against 3-dystroglycan and a-syntrophin were revealed with secondary antibodies
conjugated to Alexa-Fluor-568. The respective merged images are shown. Scale bar=1.5 wm. Panel A (right). Suspended platelets and settled platelets on glass incubated
with Amiloride (AMR) were analyzed by confocal microscopy after processing for double-labeling, employing antibodies directed against ENaC identified with secondary
antibodies labeled with secondary antibody conjugated to Alexa-Fluor-488, and antibodies directed against 3-dystroglycan and a-syntrophyn were revealed with secondary
antibodies conjugated to Alexa-Fluor-568. The respective merged images are shown. Controls were performed with only secondary antibodies. Scale bar=1.5 pwm. (n=three
independent experiments). Panel B. Control suspended resting platelets treated with AMR (2 uM) were processed for immunoprecipitation assays using anti-ENaC antibody
(IP). Proteins from total Extracts (E) and Immunoprecipitates (Ip) were analyzed by immunoblot utilizing antibodies against 3-dystroglycan, phosphorylated (3-dystroglycan
phosphorylated (Y892), a-syntrophin, and endothelial Nitric oxide synthase (eNOS). Bands corresponding to [3-dystroglycan, phosphorylated 3-dystroglycan (Y892), a-
syntrophin, and eNOS were detected. None of these proteins were detected in control IgG immunoprecipitates (IgGO lane) (n=three independent experiments). Panel C.
Control and treated with AMR (2 wM) glass-adhered platelets for 20 min were processed for immunoprecipitation assays using anti-ENaC antibody (IP). Proteins from total
Extracts (E) and Immunoprecipitates (Ip) were analyzed by immunoblot utilizing antibodies against 3-dystroglycan, phosphorylated 3-dystroglycan phosphorylated (Y892),
a-syntrophin, and endothelial Nitric oxide synthase (eNOS). Bands corresponding to 3-dystroglycan, phosphorylated 3-dystroglycan (Y892), a-syntrophin, and eNOS were
detected in the Ip fractions but not in fractions obtained with an irrelevant antibody (IgGO0). (n=three independent experiments) Panel D. Control suspended resting and
glass-adhered platelets for 20 min and suspended resting and glass-adhered platelets treated with AMR (2 wM) were processed for immunoprecipitation assays using the anti-
a-syntrophin antibody (IP). Proteins from total Extracts (E) and Immunoprecipitates (Ip) were analyzed by immunoblot utilizing antibodies against a-syntrophin, ENaC, and
endothelial Nitric oxide synthase (eNOS), which revealed the respective bands. None of these proteins were detected in control IgG immunoprecipitates (IgGO lane). (n =three
independent experiments). Panel E. Control suspended resting and glass-adhered platelets for 20 min and suspended resting and glass-adhered platelets treated with AMR
(2 wM) were processed for immunoprecipitation assays using anti-f3-dystroglycan antibody (IP). Proteins from total Extracts (E) and Immunoprecipitates (Ip) were analyzed
by immunoblot utilizing antibodies against 3-dystroglycan and ENaC, which revealed the respective bands with Ip fractions but not in fractions obtained with an irrelevant
antibody (IgG0). (n =three independent experiments). Panel F. In vitro interactions of 3-dystroglycan (3-Dg) with ENaC were assayed processing Glutathione-S-transferase
(GST) and GST-3-Dg proteins isolated from JM109 lysates with glutathione-Sepharose bead. Pulled-down proteins were analyzed by immunoblot assays employing antibodies
against ENaC. IB, Immunoblotting.
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Fig.4. Role of the Epithelial sodium channel (ENaC) in platelet migration. Panel A. Effect on migration of human platelets in the absence and presence of inhibitors. Percentage
of platelet migration incubated in the presence or absence of 2 WM Amiloride (AMR), 5 wM KB-R7943, Choline chloride (CC), followed by exposure of Platelet lysate (PL).
Arithmetic means + Standard error of the mean (SEM). (n =three independent experiments). Panel B. Effect on migration of human platelets in the absence and presence of
inhibitors. Percentage of platelet migration incubated in the presence or absence of 10 wM PP2, 10 wuM W7, 10 uM BAPTA, 10 wM Genistein, 10 uM Genistein in CC buffer, and
1 mM Na3; VO, followed by exposure of PL. Arithmetic means & SEM. (n =three independent experiments). Panel C. Control suspended resting platelets and platelets treated
with AMR were processed for immunoprecipitation assays utilizing pan anti-p-Tyrosine agarose beads (IP, pTyr). Proteins from total Extracts (E) and Immunoprecipitates (Ip)
were analyzed by immunoblot utilizing antibodies against PYK2, FAK, (3-dystroglycan, and ENaC. None of these proteins were detected in control IgG immunoprecipitates
(IgGO lane). n=3 Panel D. Collagen activated platelets were processed for immunoprecipitation assays using pan anti-p-tyrosine agarose beads (IP, pTyr). Proteins from total
extracts (E) and Immunoprecipitates (Ip) were analyzed by immunoblot utilizing antibodies against PYK2 and FAK. None of these proteins were detected in control IgG

immunoprecipitates (IgGO lane). n=3.

To corroborate the data obtained by confocal microscope,
protein extracts of resting and adhered control platelets and
treated with amiloride were incubated with anti-ENaC and o-
syntrophin antibodies. Western-blot analysis of total extracts
and protein immunoprecipitated extracts (Ip) showed that -
dystroglycan and its phosphorylated form were pulled down
from ENaC immunoprecipitates of resting control and treated
platelets, but not from control or amiloride-treated adhered
platelets. In contrast, a-ENaC immunoprecipitated a-syntrophin
and endothelial Nitric oxide synthase (eNOS) in control and
amiloride treated in suspended and adhered platelets (IP, ENaC)
(Fig. 3B and C). Complementary immunoprecipitations performed
with a-syntrophin (IP, a-syn) (Fig. 3D) pulled down o-ENaC
and eNOS under all conditions assayed. Bands correspond-
ing to ENaC were observed in western blot analysis of [3-dg
immunoprecipitated proteins in suspended and adhered platelets
(IP, B-dg) (Fig. 3E). None of these proteins were detected in
control IgG immunoprecipitates (IgG0), confirming assay reliabil-
ity.

The interaction of a-ENaC with 3-Dg, was demonstrated using
a GST pull-down assay with a pGex-4T1-derived vector express-
ing the GST-3-Dg protein fusion. GST or GST-3-Dg fusion protein
previously immobilized on glutathione-Sepharose beads was incu-
bated with control suspended platelet extracts, and GST-bound
proteins were eluted and analyzed by SDS-PAGE. Immunoblot-
ting with the antibody against a-ENaC exhibited the corresponding
band (Fig. 3F).

Role of ENaC in platelet migration

To evaluate the feasible role of ENaC in the regulation of platelet
migration, we used Transwell® inserts in the presence and absence
of Na* channel blocker (AMR) 2 WM, Na*/Ca?* exchanger inhibitor
(KB-R7943) 5 wM, and Choline chloride (CC) (Fig. 4A).

Relative transmigrated platelets were counted with a hemo-
cytometer and confirmed by flow cytometer. Our results showed
a significant diminution in platelet migration between platelets
stimulated with Platelet lysate (PL) in relation to platelets treated
with amiloride from mean values of 140.9 to 118%. Additionally, the
presence of the Na*/Ca2* exchanger and in the absence of Na* in the
buffer solution also significantly diminished platelet migration to
127 and 115%, respectively.

In a second series of experiments, the participation of key ele-
ments in platelet migration was assayed. For this purpose, platelets
were incubated with a selective intracellular Ca2* chelator (BAPTA,
10 wM), an inhibitor of the Src-family (PP2, 10 M), the calmodulin
inhibitor (W7, 10 wm), an inhibitor of tyrosine kinase (Genistein,
10 wm) in the presence and absence of Na+ and with an alkaline
phosphatase and an (Na, K)-ATPase inhibitor (NazVOyg4, 1 wM). The
relative migration percentage significantly decreased in platelets
treated with [Ca2*]; chelator (108%) and in platelets exposed to the
calmodulin antagonist W7 (114%), to Genistein alone (113%), and
to Genistein with Choline chloride (CC) (106%) and Na3VOg4 (106%).
Interestingly, the Src antagonist did not affect platelet migration
(138%) (Fig. 4B).
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To further elucidate the biochemical association of tyrosine
kinases whether of not migration of platelets were involved, we
performed immunoprecipitation assays using a phospho-tyrosine
antibody in total lysates from control and platelets treated with
amiloride, as well as lysates from collagen- activated platelets.
The immunoprecipitated proteins were resolved by Western blot
employing antibodies against PYK2, Focal adhesion kinase (FAK),
[B-dystroglycan (3-dg), and a-ENaC. None of the analyzed proteins
was immunoprecipitated with an unrelated IgGO antibody, con-
firming assay reliability. Our results showed that neither PYK nor
FAK was phosphorylated under any platelet conditions, in contrast
to B-dg and a-ENaC, which were phosphorylated in control and
amiloride-treated platelets.

Role of ENaC in platelet granule secretion

To explore the participation of a-ENaC in granule secretion,
2 x 10° resting and collagen-activated platelets/mL were incubated
in the presence of AMR, Na*/Ca?* exchanger (KB-R7943), before
platelets were activated with collagen (col) 10g/mL. Soluble P-
selectin and serotonin release represented by the secretion of alpha
and dense granules, respectively, were quantified using ELISA Kkits
(Fig. 5A and B).

Serotonin values in control resting platelets were 1.6 ng/mL,
which increased when the cells were activated with collagen
(10 pg/mL) to 24 ng/mL. Surprisingly enough, neither of the treat-
ments (AMR and KB-R7943) were capable of preventing the
collagen effect and, in fact, on their own increased serotonin secre-
tion with mean values of 22.8 and 24 ng/mL for collagen-activated
platelets treated with AM and KB-R7943, respectively (Fig. 5A).

Release of sP-selectin for control resting platelets was
0.81ng/mL, while collagen-activated platelets increased sP-
selectin levels to a value to 2.3 ng/mL. In similar fashion as to that
of serotonin release, neither inhibitor treated blocked the colla-
gen effect (sP-selectin values to 2.47 and 1.33 ng/mL for amiloride
and KB-R7943, respectively) (Fig. 5B). Taken together, these results
strongly suggest that «-ENaC is not directly involved in alpha and
dense granule secretion.

Role of ENaC in collagen-activated platelets

It has been shown that collagen induces an increase in [Na];
(Roberts et al., 2004); therefore, to corroborate the involvement of
a-ENaCin collagen-induced Na* entry, collagen-activated platelets
were pre-incubated with amiloride (2 wM). The samples were
excited at 345 or 385 nm and the ratio of fluorescence-emission
intensities was registered at 500 nm and plotted in Fig. 6. These
relative intensities increased from 2 to 2.37 after platelets were
activated with collagen (10 wg/mL). In contrast, AMR (2 uM)-
treated platelets activated with collagen (10 pg/mL) showed a
discrete increase of [Na], reaching 2.05 fluorescence units (Fig. 6).

Discussion

ENaC expression has been previously reported in several tis-
sues, although its functional role(s) within many of them has
not been established. In the present study, we demonstrate the
expression of «ENaC in platelets and, according to our results in
collagen-activated platelets, we suggest that Na* dynamics dis-
play a two-step process: (1) Na* entry into the cytosolic space via
ENaC, and (2) Na* extrusion from the cytosolic space across via the
Na*/Ca2* exchanger (Roberts et al., 2012) and Na*/H* exchanger
(Tomasiak et al., 2005). It should be noted that amiloride has no
effects on platelet Na*/H* exchanger (NHE-1) in the range of the
concentration used in this work (Siffert et al., 1984).
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Fig. 5. Role of the Epithelial sodium channel (ENaC) in platelet granule secretion.
(A) Suspended control and collagen-activated platelets were incubated with vehi-
cle and suspended resting platelets were treated with Amiloride (AMR) (2 uM),
KB-R7943 (5 wM), Choline chloride (CC), with and without KB-R7943 and Genis-
tein (10 wM) and further activated with collagen. Supernatants were isolated and
quantified for serotonin by Enzyme-linked immunosorbent assay (ELISA) (*p <0.05)
(n=three independent experiments). Error bars represent Standard error of the
mean (+SEM). (B) Suspended control and collagen-activated platelets were incu-
bated with vehicle and suspended resting platelets were treated with AMR (2 uM)
and KB-R7943 (5 wM) and were collagen-activated. Supernatants were isolated and
quantified for sP-selectin by ELISA (*p <0.05) (n=three independent experiments).
Error bars represent +=SEM.

In epithelia and other tissues, ENaC participates in cell migra-
tion (Marino etal.,2013)and in wound healing (Chifflet et al.,2005).
The basis of this role may involve direct interactions between this
protein and cytoskeletal components such as spectrin (Zuckerman
et al., 1999) and short actin filaments (Mazzochi et al., 2006). In
resting and adhered platelets, a-ENaC did not co-localize nor asso-
ciate with actin filaments, microtubules (Fig. 2), or spectrin (data
not shown); however, an important association with desmin and
vimentin was evident in suspended and adhered platelets (Fig. 2).
These results suggest that desmin exerts its scaffolding role, con-
tributing to the maintenance of flexibility and of the regulation of
cell shape and cell motility (Helfand et al., 2011). An unexpected
observation corresponded to the feasible association of ENaC with
vimentin observed only in amiloride-treated platelets but not in
control platelets; we speculate that this association could be caused
by the alpha subunit conformational change of the ENaC triggered
by amiloride (Kashlan and Kleyman, 2011). Cytoskeletal dock-
ing restricts ion transport proteins to specialized domains of the
plasma membrane, such as syntrophins that interact with several
membrane molecules (Gee et al., 1998). In the present study, we
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show that syntrophin is associated with a-ENaC in suspended and
adhered platelets, as well as with eNOS, ensuring its localization
in the plasma membrane via the DGC. It is noteworthy that the
DGC represents a signaling scaffold for pathways, including Nitric
oxide synthase (NOS), Pi3-kinase, and Akt, and pathways mediated
by means of dystrophin, dystrobrevin, and syntrophins (Zhou et al.,
2005).

Dystroglycan represents a physical connection between the
ECM and the cytoskeleton and functions as a transducer of signals
from outside to inside. Both functions are difficult to discern. Innon-
muscle cells, it has been identified tyrosine 892 of B-dystroglycan
has been identified as an Src and as another Src family kinase
substrate, which regulates interaction among dystroglycan and
dystrophin and utrophin (James et al., 2000). The association of o~
ENaC with 3-dystroglycan in resting platelets, but not in adhered
platelets, and specifically its phosphorylated form, indicates that
disruption of the interaction of 3-dystroglycan with Dp71 and/or
utrophin prepares the platelets to trigger shape change or migra-
tion, relapsing the stiffness of the cytoskeleton.

Itis tempting to speculate that ENaC favors the Na* influx that, in
turn, triggers the entrance of CaZ*, resulting in cytoskeletal remod-
eling during platelet migration. We consider that syntrophins
and DGC together help in organizing signaling components that
remodel the actin cytoskeleton, as it has been shown that syn-
trophin recruits signaling proteins, inducing circular ruffles on the
membrane (Newey et al., 2000).

Our migration experiments show that ion transport is dispens-
able for platelet motility because the pharmacological inhibitors
of ENaC (amiloride) and a Sodium calcium exchanger (NCX) (KB-
R7943) diminish but do not prevent platelet migration. Although
actin polymerization at the platelet’s leading edge is thought to
be a sufficient driving force for membrane protrusion (Borisy and
Svitkina, 2000), localized ion fluxes could regulate the activities
of proteins that modify actin polymerization, such as cofilin or
gelsolin, which are Ca?*- and pH-sensitive. Platelet migration is
affected when two mechanisms that regulate Na* entrance through
ENaC and NCX 3.2 and NCX 3.4 were inhibited with amiloride or
KB-R7943, affecting the increase of [Ca2*]i (Roberts et al., 2012).

As in mast cells or in neutrophils, migration is dependent on an
increase of intracellular Ca2* activity, which results from the acti-
vation of Orail, the pore-forming unit of Store-operated Ca2* entry

(SOCE) (Grosse et al., 2007). Orail is also expressed in platelets
and is critically important for their activation (Braun et al., 2009).
Our results are in accordance with these observations because the
use of BAPTA and W7 inhibits platelet migration chelating calcium
and inhibiting Ca2*/Calmodulin protein kinase II (CaMKII), which
mediates signaling cascades including the activation of platelet
myosin light chain kinase (Hathaway and Adelstein, 1979), sug-
gesting its role in the induction of platelet-shape change (Nachmias
et al., 1985). The feasible participation of $-dystroglycan signal-
ing in platelet migration was dismissed because the effect of PP2
(inhibitor of Src) did not modify the platelet migration process.

Platelet agonists perturb the steady state, producing an impor-
tant increase in cytosolic free Ca%*, in turn activating multiple
signaling events and molecules (Bergmeier and Stefanini, 2009);
mediating shape change, secretion of granules, and aggrega-
tion (Heptinstall, 1976). Pharmacological inhibition of ENaC and
Na*/Ca%* exchangers did not diminish serotonin release from dense
granules, and these findings are in accordance with other studies
that have dismissed the role for NCX or for Na*-CaZ*-K* exchangers
(NCKX)indense granule secretionin human platelets (Shiragaetal.,
1998). Blockade of ENaC did not affect sP-selectin liberation from a-
granules; surprisingly enough blockade of and Na*/Ca2* exchangers
prevented sP-selectin release, but at this stage we do not have a
clear explanation for this fact.

Taken together, these results strongly suggest the presence of
another Na*, not yet identified, channel that is not being inhibited
and that might play a key role in granule secretion. In contrast,
collagen-induced increase in [Na]; was importantly reduced with
the pharmacological inhibition of ENaC (amiloride), which strongly
suggests that ENaC might be involved in biochemical processes
triggered by collagen.

In conclusion, human platelets express o-ENaC, which is
anchored to the plasma membrane through intermediate filaments
and, in association with DAP, exerts signaling pathways involved
in adhesion, migration, and granule secretion, but specifically in
collagen-activation events.
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