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This study was undertaken to establish the presence and 
the role of aquaporins (AQPs) in human platelets. Im-
munodetection with polyclonal antibodies and fluores-
cent microscopy suggest the presence of AQP isoforms 
– 0–7 and 9–12 – localized (in resting platelets) in the 
plasma membrane and in the dense and alpha granules. 
In thrombin- or monensin-treated platelets, the granules’ 
AQPs become visible in the whole cell body, indicat-
ing the granules’ swelling. In our studies on the role of 
AQPs in platelet responses we used tetrachloroauric acid  
(HAuCl4), a classical water channel blocker. We found 
that 10–100 µM of Au(III) inhibited the hypotonicity-, 
monensin (simulating the action of Na+/H+ exchanger)-, 
and collagen-evoked platelet swelling and reduced tri-
tiated water uptake by platelets treated by collagen or 
monensin, indicating its ability to block water channels 
in these cells. HAuCl4, at the concentrations reducing 
water influx, did not induce cell lysis, alter the plasma 
membrane shape or the –SH group content. The inhibi-
tor also failed to affect Na+ and Cl–-related osmotic gra-
dient formation and protein kinase D2 phosphorylation. 
In platelets activated by threshold concentrations of col-
lagen, the thrombin receptor activating peptide, ADP, 
calcium ionophore A23187, phorbol ester and arachi-
donic acid, HAuCl4 (100 µM) completely inhibited secre-
tion of ATP from dense granules but failed to reduce 
platelet aggregation. In collagen-stimulated platelets, 
HAuCl4 (10–100 µM) reduced secretion from dense and 
alpha granules, as well as lysosomes, in a dose-depend-
ent manner. We conclude that human platelets possess 
numerous AQPs subtypes localized in the plasma and 
granule membranes. AQP-mediated water fluxes may be 
crucial for platelet volume regulation as well as secretion 
from dense and alpha granules and lysosomes.
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INTRODUCTION

Aquaporin water channels (AQPs), represent a large 
family of evolutionarily conserved, integral membrane 
proteins that mediate rapid and selective transport of 
water and small uncharged solutes (for example, glyc-
erol) across cell and organelle membranes in response 
to osmotic gradients generated by ion exchangers and 
transporters (for instance, the Na+/H+ exchanger, NHE) 
(Agre et al., 2002; Kato et al., 2006; Hub & de Groot, 
2008; Carbrey & Agre, 2009; Verkman, 2012).

All AQP units can be described as homotetramers 
forming four channels within the membrane, resem-
bling an hourglass-like structure, and acting as inde-
pendent water pores (Sui et al., 2001; Walz et al., 2009; 
Khalili-Araghi et al., 2009). Monomers contain six trans-
membrane domains and five interhelical loops (desig-
nated A-E). Two of these loops (B and E), containing 
a highly conserved short hydrophobic region with a 
typical asparagine-proline-alanine motif (NPA box), form 
the extracellular and cytoplasmic vestibules of the aqua-
porin channel. The vestibules are connected by a nar-
row (2.8 Å in diameter for AQP1) constriction region 
(a pore) allowing a single-file water transport (Sui et al., 
2001; Verkman, 2012).

To date, 13 members of the AQP family (designated 
AQP0-AQP12) have been described in various mam-
malian tissues (Agre et al., 2002; Ishibashi et al., 2011; 
Benga, 2012).

AQPs are sub-divided into three subfamilies depend-
ing on their genomic structure and selectivity: (1) water-
specific “classical” AQPs (2) aquaglyceroporins, and (3) 
superaquaporins (S-aquaporins). The aquaglyceroporins 
have a less constricted pore that allows them to be able 
to transport larger molecules, besides water, such as glyc-
erol (Hub & de Groot, 2008; Benga, 2012). S-aquaporins 
are highly deviated from previously known AQPs and 
have been found exclusively inside the cell, e.g. in the 
secretory granules (Ishibashi, 2006; Ishibashi et al., 2014).

Mammalian AQPs are expressed in various epithelia 
and endothelia, involved in fluid transport, as well as in 
a variety of cell types including erythrocytes, leukocytes, 
adipocytes, keratinocytes, astrocytes, and skeletal muscle 
cells (Schwab et al., 2012; Verkman et al., 2014).

Initially, it was thought that the major physiological 
role of AQPs in humans is restricted to transepithelial 
and transendothelial water movement, and the adaptation 
of cells to changes in osmotic pressure (Agre et al., 2002; 
Verkman, 2014). More recently, it has been discovered 
that AQPs constitute important components of the cel-
lular migration machinery, where formation of filopodia 
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and lamellipodia play a pivotal role (Saadoun et al., 2005; 
Papadopoulos et al., 2008; Verkman, 2014).

AQPs have been also proposed to be involved in wa-
ter uptake by secretory vesicles of the exocrine pancreas 
cells (Cho et al., 2002; Sugiya & Matsuki; 2006) and in 
the swelling of synaptic vesicles isolated from rat brains 
(Kelly et al., 2004; Jeremic et al., 2005). Secretory granule 
swelling is believed to be a necessary step in the release 
of their content (exocytosis) (Sugiya et al., 2008).

The role of AQPs in the physiology of human plate-
lets is not completely understood. A study performed 
on platelets from three children with a mutation of the 
AQP7 gene indicated that human platelets possess AQP7 
and that this AQP isoform may be important for platelet 
morphology, aggregation (adrenaline-induced), and secre-
tion (Goubau et al., 2013). A more recent study also re-
vealed presence of AQP1 in human platelets (Agbani et 
al., 2018). Using AQP1-null mice it was shown that this 
AQP isoform is crucial for the platelet procoagulant re-
sponse. However, deletion of AQP1 had minimal effects 
on collagen-induced platelet secretion and aggregation. 
Yet, the presence of other AQPs and their relevance in 
platelet physiology is still not completely known. 

Consequently, in this study we systematically exam-
ined, for the first time, the expression and localization of 
AQPs in human platelets and investigated their role in 
the platelet physiology.

MATERIALS AND METHODS

Materials. Rabbit polyclonal anti-human AQP0 (sc-
99059), APQ1 (sc-20810), AQP2 (sc-28629), AQP3 (sc-
20811), AQP4 (sc-20812), AQP5 (sc-28628), AQP6 (sc-
28627), AQP7 (sc-28625), AQP8 (sc-28624) and AQP9 
(sc-28623) antibodies, normal rabbit polyclonal IgG (iso-
type control), horseradish peroxidase (HRP)-conjugated 
goat anti-rabbit, and HRP-conjugated goat anti-mouse 
antibodies were purchased from Santa Cruz Biotech-
nology. Rabbit polyclonal anti-human AQP11 antibody 
(PA5-25704), Alexa Fluor 488-conjugated and Alexa 
Fluor 568-conjugated goat anti-rabbit antibodies, N-(E-
thoxycarbonylmethyl)-6-methoxyquinolinium bromide 
(MQAE) and enhanced luminescence Super Signal West 
Pico Substrate were from Thermo Fisher Scientific (Life 
Technologies). Rabbit polyclonal anti-human AQP10 
(SAB4300715) and AQP12 (SAB4300758) antibodies, 
mouse anti-phosphoserine antibody (p-Ser), mepacrine, 
monensin, tetrachloroauric acid tetradydrate (HAuCl4 
× 4H2O, here referred to as Au (III)), [3H]5-hydroxy-
tryptamine (5-HT, serotonin) creatinine sulphate, tritiat-
ed water (3H2O), thrombin receptor activating peptide 
(TRAP6), epinephrine (adrenaline) bitartate salt, DTNB 
(5,5’-dithiobis-(2-nitrobenzoic acid)), protease and phos-
phatase inhibitor cocktails were purchased from Sigma. 
Arachidonic acid, Chrono-Par collagen suspension (for 
simultaneous measurement of aggregation and ATP 
release), and luciferin-luciferase mix (Chrono-Lume) 
were from Chrono-Log Corporation. PE-conjugated 
mouse anti-human CD41a antibody, and FITC-conju-
gated mouse anti-human CD62P (P-selectin) antibody 
were purchased from Becton Dickinson. BCECF-AM 
(2’,7’-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein, 
Acetoxymethyl Ester) was purchased from Fluka. Hu-
man platelet factor 4 (PF4) ELISA kit was purchased 
from Abcam. Plastic microchambers (Thistle Scientific, 
type μ-slide VI0.4) were purchased from Ibidi. Tirofiban 
(Aggrastat) were from Merck Sharp & Dohme Idea Inc. 
Other chemicals were purchased from Sigma. HAuCl4 

tetrahydrate was dissolved in deionized water and stock 
solutions (1 M conc.) were stored at –80ºC. Working 
solutions were prepared by making stock solution dilu-
tions with sterile saline and kept at –20ºC for no lon-
ger than three weeks. Attention was taken to not exceed 
0.25% (v/v) of HAuCl4 solution in a sample (final con-
centration). Such additions did not evoke any noticeable 
changes in the samples’ pH.

Blood collection and platelet preparation. Blood 
was collected from healthy volunteers into 10 ml poly-
propylene tubes containing 1 ml of 130 mM trisodium 
citrate. All procedures were conducted in accordance 
with the Declaration of Helsinki and the study was ap-
proved by the local Ethics Committee on human re-
search. Platelet-rich plasma (PRP) was obtained by cen-
trifugation of whole blood at 200×g for 20 min. Washed 
platelets were prepared as described previously (Misztal 
et al., 2015). Gel-filtered platelets were prepared using a 
Sepharose 2B gel filtration method. Platelet preparations 
were standardized to 2×108 cells/ml with the Tyrode-
Hepes buffer.

Fluorescent and confocal cell imaging. Confocal 
images were acquired using a Nikon Digital Eclipse C1-
Plus Modular Confocal System attached to an inverted 
fluorescence microscope – Nikon Eclipse Ti. The sys-
tem is equipped with DS-Fi1 digital microscope camera 
(5-megapixel CCD that captures at a high resolution of 
2560×1920 pixels) and the following laser lines: a violet 
diode laser (405 nm), an argon ion laser (488 nm), and a 
HeNe laser (543 nm). Images were captured with EZ-C1 
software using an oil immersion Plan Apochromat ob-
jective lens (60×/1.4 or 100×/1.4).

Immunodetection and localization of AQP iso-
forms. Gel-filtered platelets were lysed by the addition 
of an equal volume of ice-cold radioimmunoprecipitation 
assay (RIPA) buffer supplemented with protease inhibi-
tors cocktail. Lysates were analyzed towards AQP pres-
ence by Western Blotting with a chemiluminescent de-
tection system. Lysates (10 µg of protein) of gel-filtered 
platelets were separated by SDS-PAGE under reducing 
conditions, followed by transfer onto a nitrocellulose 
membrane, blocking (with 5% fat-free milk) and over-
night incubation (at 4°C) with primary antibody (1:1000 
dilution). After washing, blots were incubated for 1 hour 
at room temperature (RT) with the horseradish peroxi-
dase (HRP)-conjugated secondary antibody (1:10 000 di-
lution). Immunoreactive signals were measured by using 
an enhanced chemiluminescence reagent. Some adjust-
ments in brightness were made (the same for each lane). 
Monomer subunits of AQPs are expected to run at 
28–37 kDa; higher molecular-weight bands are likely to 
be stable multimers or highly glycosylated AQPs forms. 
Data are from four independent experiments, each per-
formed on a separate platelet preparation. To check 
intraplatelet sublocalization of AQPs, aliquots of non-
stimulated platelets were fixed by using an equal volume 
of 4% paraformaldehyde (PFA) in phosphate-buffered 
saline (PBS) for 30 min at RT. Next, the platelets were 
pelleted (2200×g, 2 min) and resuspended in PBS con-
taining 3% bovine serum albumin (BSA), supplemented 
(or not) with saponin (0.04% final conc.) followed by in-
cubation for 30 min at RT. After that, the platelets were 
pelleted again and resuspended in the same buffers as 
mentioned above, followed by the addition of an appro-
priate anti-AQP (0-12) antibody (one type of antibody 
per one sample, 1:500 dilution) and overnight incubation 
at 4°C with gentle agitation. After 3 washes, the samples 
were supplemented with a secondary antibody conjugat-
ed with Alexa Fluor 488 (1:250 dilution) and incubated 
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for 1 h at RT. After 3 washing steps and final resuspen-
sion, aliquots (25 µl) of platelets were transferred into 
microchamber slides (ibidi µ-Slide VI0.4) and observed 
under a fluorescent microscope (Nikon ECLIPSE Ti/C1 
Plus, ×100/1.4 oil immersion objective) at the same gain 
value. In some experiments, the platelets were activated 
by thrombin or exposed to monensin before fixation in 
PFA. To assess whether AQPs can be localized within 
the platelet secretory granules, we used two-color labe-
ling – concomitant detection of AQPs using Alexa Fluor 
568-conjugated secondary antibody (1:250 dilution), and 
dense or alpha granules detection using mepacrine (10 
µM final conc.) or FITC-anti-P-selectin antibody (1:25 
dilution), respectively. Orange to pastel yellow color in-
dicates signal co-localization. Isotype control primary an-
tibody (normal rabbit IgG) was used to evaluate poten-
tial nonspecific bindings. No relevant fluorescence was 
found when samples were incubated with only secondary 
antibodies.

Aggregation. Platelet aggregation was followed turbi-
dimetricaly (in PRP) (Born & Cross, 1963) or electroni-
cally (in whole blood) (Mackie et al., 1984) by using the 
Chrono-Log 700 lumiaggregometer (Chrono-Log Corp.)

Simultaneous measurement of platelet aggrega-
tion and ATP secretion. ATP release was monitored 
simultaneously with optical aggregation by using the 
Chrono-Log 700 lumiaggregometer. All procedures were 
conducted in accordance with the Chrono-Log Diagnos-
tic Protocol.

Secretion. Serotonin (5-HT) secretion was studied 
by the isotopic method as described in (Tomasiak et al., 
2004). Platelet factor 4 (PF4) release was measured by 
ELISA. P-selectin exposure on the surface of activated 
platelets was evaluated by using flow cytometry and by 
fluorescent microscopy. Hexosoaminidase release from 
lysosomes was assessed colorimetrically as described in 
(Nakagawa et al., 1978).

Measurement of rapid changes in the platelet 
volume. Changes in the platelet volume were followed 
spectrophotometrically by recording the absorbance at 
680 nm in diluted cell suspensions, essentially as de-
scribed in (Rosskopf et al., 1991). A drop in the absorb-
ance reflects a rise in the cell volume. The changes in 
absorbance were measured at 37°C in plastic cuvettes 
(light path 10 mm) without stirring. Changes in the 
platelet volume were evoked either by hypotonicity or by 
monensin. Aliquots of standardized PRP (140 µl) sup-
plemented with HAuCl4 (0–100 µM) were incubated for 
2 min at 37°C in the cuvette of the instrument, then 
860 µl of an isotonic Tyrode-Hepes buffer (pH 7.4), 
supplemented or not supplemented with monensin (30 
µM final conc.), or a hypotonic Tyrode-Hepes buffer (fi-
nal osmolality of 200 mOsm), all pre-warmed to 37°C, 
were added. To ensure rapid mixing, the buffer was add-
ed via injector equipped with a silicone tube inserted into 
the cuvette. The changes in absorbance were recorded 
for 10 s at 0.1 s intervals using a spectrophotometer 
(Hitachi F-2900, Hitachi Corp., Japan) connected to a 
personal computer.

Measurement of mean platelet volume. Aliquots 
of standardized PRP (2×108 cells/ml) supplemented 
with tirofiban (250 ng/ml), to prevent platelet aggrega-
tion, were incubated for 2 min at 37°C with or without 
HAuCl4 (10–100 µM). Next, collagen (15 μg/ml) or 
monensin (30 μM) was added. After 5 min of incuba-
tion, platelets were fixed with paraformaldehyde (2% fi-
nal conc.) and their mean volume (MPV) was measured 
by using a hematologic analyzer (Coulter Electronic 
GmbH).

Measurement of water uptake. Aliquots (1 ml) of 
washed platelets (2×108 cells/ml), supplemented with 
tirofiban (250 ng/ml), were incubated with stirring for 
2 min at 37ºC with (10–100 µM) or without (control) 
HAuCl4. Afterwards, 7 µl of tritiated water (5 mCi – 185 
MBq/ml) were added and after 30 s of stirring, the plate-
let suspensions were supplemented with collagen (15 µg/
ml) or monensin (30 µM). Prior to the addition of stim-
uli (time zero) and 2 minutes after the addition (uptake), 
aliquots (0.4 ml) of the incubated mixture were aspirated 
for filtration. Filtration was performed under the pres-
sure of 10 kPa on Whatman GF/C filters (diameter 25 
mm). The filtered sample was immediately washed with 
4×5 ml of ice-cold solution containing 0.15 M NaCl, 1 
mM EDTA and 5 mM Hepes, pH 7.4. After that, plate-
lets remained on the filters were lysed with Soluene-350. 
The tritiated water, which remained inside platelets held 
on the filters, was measured in the scintillation counter 
(Ballad-1209, LKB) and expressed as disintegrations per 
minute (dpm). Data are mean values (± S.D.) of three 
independent experiments.

Platelet viability and thiol group determination. 
Viability of platelets exposed to HAuCl4 was evaluated 
by using the Trypan Blue uptake method (Strober, 2015) 
and by spectrophotometric measurement of the lactate 
dehydrogenase activity (eventually leaked from damaged 
platelets) in the fluid left after platelet removal, (Gut-
mann & Wahlefeld, 1985). Thiol content in the washed 
platelets exposed to HAuCl4 was measured by using the 
Ellman reaction. Sulfhydryl group levels were calculat-
ed by using the molar absorption coefficient for DTNB 
(5,5’-dithiobis-(2-nitrobenzoic acid)) at 37°C (DTNB 
ε412=13800 M–1cm–1) (Eyaer et al., 2003).

Determination of platelet PKD2 serine residue 
phosphorylation. Phosphorylation of serine residues in 
115 kDa protein (reference mass of PKD2; Konopats-
kaya et al., 2011) in platelets was estimated by Western 
Blotting with a chemiluminescent detection system.

Measurements of cytosolic Cl-, and NHE activi-
ty in platelets. Cl- influx into collagen-activated platelets 
was monitored in MQAE-loaded platelets with mono-
chromators set at 355 nm and 460 nm for excitation 
and emission wavelength, respectively (Koncz & Dau-
girdas, 1994). The platelets were preloaded with 1 mM 
MQAE (final conc.) for 45 min at ambient temperature 
under gentle rotation. Washed platelets were stimulated 
in a thermostated (37°C) fluorimeter cuvette with stirring 
(800 rpm). Stimulators were added directly to the stirred 
platelet suspension through a port in a fluorimeter cover 
by using a microsyringe. For evaluation of NHE activi-
ty, we monitored changes in the cytosolic pH of BCE-
CF-loaded platelets exposed to thrombin (Siffert et al., 
1989). The platelets were loaded with BCECF acetoxy-
methyl ester (10 μM final conc.) mixed with Pluronic 
137 (0.005% final conc.) for 60 min at 37°C. Monochro-
mators were set at 495 nm for the excitation wavelength 
and at 520 nm for the emission wavelength. In-apparatus 
conditions were as above. 

Transmission electron microscopy (TEM). Sam-
ples (0.5 ml) of PRP were incubated (or not incubated) 
with HAuCl4 (100 µM) for 10 min at 37°C with stirring. 
Then, collagen was added (15 µg/ml) and the decrease 
in light transmittance (reflecting shape change) and the 
ATP release from dense granules (detected luminometri-
cally) were both monitored under the control of a lu-
miaggregometer (Chrono-Log 7000). At the moment of 
substantial shape change and the beginning of dense 
granules’ release (~45 s after the addition of collagen), 3 
volumes of the fixing solution (containing 2% paraform-
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Figure 1. Identification and localization of aquaporins in human platelets. 
(A) lysates (10 µg of protein) of gel-filtered platelets were separated by SDS-PAGE under reducing conditions, followed by Western Blot-
ting towards AQP (isoforms from AQP0 to AQP12) presence. Immunoreactive signals were measured by using an enhanced chemilumi-
nescence reagent. Some adjustments in brightness were made (to the same for each lane). Monomer subunits of AQPs are expected to 
run at 28–37 kDa; higher molecular-weight bands are likely to be stable multimers or highly glycosylated AQPs forms. Data are from four 
independent experiments, each performed with a separate platelet preparation. (B–D) aliquots of non-stimulated platelets were fixed 
in 2% (final conc.) PFA in PBS. After permeabilization (or not) with saponin, samples were mixed with an appropriate anti-AQP (0–12) 
antibody (one type of antibody per one sample) and incubated overnight at 4oC with gentle agitation. After washing, samples were incu-
bated with a secondary antibody conjugated with AF488 (green color in panel B). After washing and final resuspension, aliquots of plate-
lets were transferred into microchamber slides and observed under fluorescent microscope at the same gain value. To assess whether 
AQPs can be localized within platelet secretory granules, we used two-color labeling – concomitant detection of AQPs using Alexa Fluor 
568-conjugated secondary antibody (red color in panels C–D), and dense or alpha granule detection using mepacrine (green color in 
panel C) or FITC-anti-P-selectin antibody (green color in panel D), respectively. Orange to pastel yellow color indicates signal co-local-
ization. At least 10 different areas from each sample were imaged. Representative fluorescent microscope images from one (out of four) 
experiment are presented. Isotype control primary antibody (normal rabbit IgG) was used to evaluate potential nonspecific bindings. No 
relevant fluorescence was found when samples were incubated only with the secondary antibodies. White bars represent 5 µm (B) and 
2 µm (C–D). (E) dense granules (dense), alpha granules (alpha) and AQPs were labeled and visualized as above. As an illustration of typ-
ical AQP localization inside platelets, the result from the AQP6 detection experiment is shown (with the notion that this localization pat-
tern is representative in regard to other AQP isoforms found in platelets). Representative images from one (out of four) experiment are 
presented. White bar is 5 µm. (F) gel-filtered platelets were preincubated with or without (+Au) HAuCl4 (100 µM, 2 min) and exposed to 
5 nM thrombin (+Thr) or 40 µM monensin (+Mon) for 5 min at 37°C, followed by fixation, saponization, overnight incubation with spe-
cific anti-AQP antibody, and visualized as described above. Control samples were without any (stimulator or inhibitor) additions (unstim). 
At least 10 different areas from each sample were imaged. Representative images from one (out of four) experiment involving AQP6 
detection are presented. White bar is 5 µm.
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aldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate 
buffer) were added, mixed for 1 min and left for 1 h 
at 37°C. Next, the platelets were sedimented (2200×g, 2 
min) and the obtained pellet was flooded with 2% aga-
rose in PBS. After agarose solidification, a few droplets 
of the fixing solution were laid on the top of each sam-
ple. After 24 h at 4°C, the samples were washed several 
times with 0.1 M cacodylate buffer followed by post-fix-
ation in 1% OsO4. After 1 h, samples were washed with 
deionized water, followed by dehydration in a graded 
series of ethyl alcohol dilutions. The last step was per-
formed in a mixture of 100% ethyl alcohol with propyl-
ene oxide (PO) (1:1 v/v) followed by substitution with 

pure PO. After removing the PO, a series of mixtures 
containing PO and Epon (3:1, 1:1, and 1:3, respective-
ly) were used for fixation followed by exposure of the 
samples to pure Epon for 2 h. Next, the samples were 
transferred into polypropylene capsules and left for so-
lidification at 60°C for at least 48 h. The samples were 
then cut into 70 nm-thin sections, placed on grids and 
post-stained using uranyl acetate, followed by post-stain-
ing with lead citrate. After a few washings with deion-
ized water, the samples were examined with Zeiss Opton 
EM 900 transmission electron microscope.

Data analyses. Data reported in this paper are the 
mean (± S.D.) of the number of determinations indicated 

Figure 2. Inhibitory effect of HAuCl4 on platelet secretion. 
(A) PRP samples were incubated for 2 min at 37°C with HAuCl4 (0–100 µM). Secretion was induced by the addition of collagen (15 µg/
ml); ADP (10 µM); TRAP (10 µM), or adrenaline (10 µM). ATP released from platelets was monitored in a lumiaggregometer as de-
scribed under Methods. The amount of ATP released within 4 min after addition of stimulus was measured. The maximum amount of 
ATP released from platelets untreated with HAuCl4 was taken as 100% (control). To determine serotonin secretion, aliquots of [3H]sero-
tonin-loaded platelets were incubated for 2 min at 37°C with HAuCl4 (0–100 µM). The amount of [3H]serotonin released within 4 min 
after the addition of collagen (15 µg/ml) or monensin (30 µM) was estimated as described under Methods. The maximum amount of [3H]
serotonin released from platelets untreated with HAuCl4 was taken as 100% (control). Data are presented as mean values (± S.D.). All ex-
periments were performed at least in quadruplicate using four different platelet preparations. (B) PRP samples were incubated for 2 min 
at 37oC with HAuCl4 (0–100 µM). Secretion was induced by the addition of collagen (15 µg/ml) or TRAP (10 µM). The amount of PF4 and 
P-selectin released from platelets within 10 min after the addition of stimulus was estimated by ELISA or flow cytometry, respectively. 
The maximum amount of PF4 and P-selectin released from activated platelets untreated with HAuCl4 was taken as 100% (control). Data 
are mean values (± S.D.) of four experiments, each performed with separate platelet preparation. (C) aliquots of washed platelets were 
incubated for 2 min at 37°C with HAuCl4 (0–100 µM). The activity of hexosoaminidase (HEX) released from platelets within 4 min after the 
addition of collagen (15 µg/ml) was estimated by using a colorimetric assay as described under Methods. The maximum activity of HEX 
released from platelets untreated with HAuCl4 was taken as 100% (control). Data are mean values (± S.D.) of four experiments each per-
formed (at least) in triplicate on separate platelet preparations. (D) platelets (in PRP) preincubated with (Au+, 100 µM) or without (Au−) 
HAuCl4 for 10 min at 37oC with stirring, were activated (coll+) or not activated (coll−) for 45 sec with collagen (15 µg/ml). Platelets were 
then fixed and visualized under a transmission electron microscope. “Filo” – filopodia, “DG” – dense granule, “α” – alpha granule, “OCS” – 
open canalicular system, and “V” – empty vesicles. Black bar is 500 nm. Original magnification is ×20  000. *P<0.05; **P<0.01; ***P<0.001 
vs control.
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(n). Statistical analysis was performed by the Student’s 
test (for paired data) and elaboration of experimental 
data by the use of Slide Write plus (Advanced Graph-
ics Software, Inc. Carlsbad, CA, USA). In experiment 
where multiple comparisons were considered, analysis of 
variances (ANOVA) was used (Statistica, StatSoft, Tulsa, 
OK, USA). Differences were considered as significant at 
a P value <0.05.

RESULTS

Human platelets possess several AQP subtypes 
localized in the secretory granules and in the plasma 
membrane

Figure 1A demonstrates the presence of 0–7 and 9–12 
AQPs in human platelets. AQP3, AQP10 and AQP11 
were poorly expressed, whereas AQP8 was untraceable. 
We found that in the platelets, the AQPs are localized 
within plasma membrane (Fig. 1B) and in granule-like 
structures (Fig. 1B–F). Two-color labeling showed that 
AQP-related immunoreactive signals co-localize with the 
dense (Fig. 1C) and alpha granules (Fig. 1D).

Given that secretory granules swell following plate-
let activation and eventually fuse with the plasma 
membrane/open canalicular system (OCS) (White, 
1999), we further studied the subcellular localization 
of AQPs in platelets activated by thrombin or treated 
with monensin. Monensin (which simulates the action 

of the Na+/H+ exchanger), was reported to induce 
swelling of secretory vesicles isolated from the chro-
maffin granules (Grinstein, 1982; Geisow & Burgoyne, 
1982) and to promote secretion of serotonin from 
platelets (Tomasiak et al., 2005). As can be seen in 
Fig. 1F – unlike in resting platelets, where AQPs are 
visible as distinctly separated spots (unswollen gran-
ules) – following stimulation by thrombin or pretreat-
ment with monensin, AQP-related signals were almost 
randomly distributed in the whole cell body (swollen 
granules). This signal scattering was not observed fol-
lowing blockage of AQPs by 100 μM concentration 
of HAuCl4 (Au(III)) (Fig. 1F), a concentration that al-
most completely reduces secretion from the dense and 
alpha granules (Fig. 2A–B and D). A similar picture 
was observed in the case of P-selectin distribution in 
platelets activated by thrombin or collagen (Fig. 3). 
It is well accepted that in quiescent platelets, P-se-
lectin is stored in the α-granules and is exposed on 
the platelet surface following activation (Ollivier et al., 
2014).

Au(III) blocks water channels in human platelets

To assess whether Au(III) blocks AQPs, we studied 
its impact on the rapid volume changes in platelets. As 
seen in Figs 4A–B, Au(III) (10–200 μM) reduced the 
osmotic and monensin-produced swelling of platelets 
in a dose-dependent manner. In all cases, 100 μM of 
Au(III) markedly inhibited the platelet swelling, indicat-
ing that this concentration of Au(III) is able to block 
the AQPs in platelets. Similar Au(III) concentrations re-
duced an increase in the mean platelet volume (Fig. 4C) 
and inhibited tritiated water uptake (Fig. 4D) in platelets 
stimulated by collagen or treated with monensin.

Au(III) failed to affect ion fluxes necessary for osmotic 
gradient formation

Since water influx through AQPs critically depends on 
osmotic gradient across the plasma membrane, we tested 
whether Au(III) affects the ion fluxes in platelets stimu-
lated by thrombin or collagen. Au(III) (100 μM) did not 
modulate the NHE activity (generating Na+ influx) or 
a rise in cytosolic Cl– concentration following treatment 
with thrombin or collagen, respectively (Fig. 5A–B).

Lack of cytotoxicity of Au(III) towards platelets at 
concentrations reducing rapid swelling

Au(III) (up to 1 mM) did not disrupt the plasma 
membrane of platelets as judged by the trypan blue up-
take and lactate dehydrogenase release tests (Fig. 6A–B). 
Au(III) (up to 100 μM) did not distinctly affect the con-
tent of –SH groups in the platelets (Fig. 6C). We also 
did not observe alterations within the platelet plasma 
membrane exposed to Au(III) (100 μM), as examined by 
TEM (Fig. 7).

Blocking of AQPs results in strong inhibition of platelet 
secretion from the dense granules

Au(III) (10–100 μM) reduced secretion of ATP in a 
dose-dependent manner from platelets activated by colla-
gen, a thrombin receptor activating peptide (TRAP), ad-
enosine diphosphate (ADP), and epinephrine (Fig. 2A). 
Blocking of AQPs by 100 μM of Au(III) fully reduced 
the ATP release from the platelet dense granules stim-
ulated by collagen, ADP, TRAP, adrenaline, arachidonic 
acid, calcium ionophore A23187, and phorbol 12-myri-
state 13-acetate (PMA) which was not associated with 

Figure 3. Inhibitory effect of HAuCl4 on P-selectin exposure on 
the surface of stimulated platelets. 
Gel-filtered platelets were incubated (or not) for 2 min with HAu-
Cl4 (100 µM), followed by the addition of thrombin (4 nM, with-
out stirring) or collagen (15 µg/ml, with initial 30 s stirring) for 10 
min at 37°C. Control samples (unstim) were without any additions. 
Next, samples were fixed (2% paraformaldehyde final conc.), sup-
plemented with FITC-conjugated anti-P-selectin antibody (1:25) 
and incubated for another 20 min in darkness to stain the plas-
ma membrane-associated P-selectin. To detect intracellular (alpha 
granules-associated) P-selectin, samples were supplemented with 
saponin (0.04% final conc.) for 20 min prior to the addition of an-
tibody. After 3 washes, samples were analyzed by using fluores-
cent microscope at the same gain setting for all samples. At least 
10 different areas from each sample were imaged. Representative 
images from one experiment (out of three) are presented. White 
mark is 5 µm.
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Figure 4. Impact of HAuCl4 on rapid platelet volume changes. 
(A–B), PRP samples were preincubated with stirring for 2 min at 37oC with HAuCl4 added to the final concentrations as indicated. Experi-
ments were started by the injection (arrow) of isotonic Tyrode-Hepes buffer, supplemented or not supplemented with monensin (30 µM 
final conc.), or low-osmolality Tyrode-Hepes buffer (200 mOsm final osmolality). Changes in volume (swelling) were followed spectropho-
tometrically (panel A). A drop in the absorbance reflects a rise in the cell volume. Representative traces and bars demonstrating swelling 
rate (ΔAbs/s) are shown (panel B). Data from four independent experiments (mean values ± S.D.), each in triplicate (at least), are present-
ed. White bar is 5 µm. (C) platelets preincubated with or without HAuCl4, added to the final concentrations as indicated, were stimulated 
with collagen or monensin and after 5 min of incubation their mean volume (MPV) was measured. Control samples were without any 
additions (unstim). The data represent mean values (± S.D.) of four independent experiments (each in triplicate). (D) washed platelets, 
preincubated with or without HAuCl4 added to the final concentrations as indicated, were supplemented with tritiated water. Immedi-
ately after that and 2 minutes after the addition of a stimulator (collagen or monensin), samples of incubated mixtures were aspirated 
for filtration. Control samples were without any additions (unstim). The radioactivity (dpm) of tritiated water that remained in platelets 
held on the filters was measured. Data are the mean values (± S.D.) of three independent experiments (each in triplicate). In all panels: 
*P<0.05; **P<0.01; ***P<0.001 vs control; #P<0.05; ##P<0.01; ###P<0.001 vs conditions with collagen.

Figure 5. HAuCl4 failed to affect NHE activity, chloride ions in-
flux, and PKD2 phosphorylation in stimulated platelets. 
BCECF-loaded (for assessment of NHE activity via pH measure-
ment, (panel A) or MQAE-loaded (for detection of Cl– ions influx, 
(panel B) washed platelets were preincubated for 2 min with or 
without HAuCl4 (0–100 µM f.c.) at 37oC. After that, platelet suspen-
sions were transferred into thermostated (37oC) cuvette contain-
ing Tyrode buffer supplemented with CaCl2 (1 mM f.c.). Thrombin 
(1–4 nM f.c.) or collagen (15 µg/ml f.c.) was added to the stirred 
suspension (pointed by the arrow on the left side of each image) 
after stabilization of basal fluorescent signal. Representative traces 
of changes in intracellular [Cl–] and pH value from one experiment 
(out of six, each in triplicate) are presented. (C), gel-filtered plate-
lets (2×108/ml) were incubated for 2 min with HAuCl4 (100 µM) 
followed by the addition of thrombin (Thr, 5 nM), without stirring, 
or collagen (Coll, 15 µg/ml) with initial (30 s) stirring. After 5 min 
of exposure at 37oC, platelets were lysed by the addition of ice 
cold RIPA buffer supplemented with phosphatase and protease 
inhibitor cocktail. Samples (10 µg of proteins) were analyzed to 
determine the level of phosphorylation of serine residues (p-Ser) 
in 115 kDa platelet protein (corresponding to protein kinase D2, 
PKD2) by Western Blotting using primary anti-phosphoserine anti-
body (1:5 000) and secondary HRP-conjugated antibody (1:20 000). 
Immunoreactive signals were visualized by using an enhanced 
chemilumienscence detection system. A representative result from 
one (out of three) experiment is presented.

Figure 6. Effect of HAuCl4 on platelet viability and free sulfhy-
dryl groups content. 
(A) samples of PRP were incubated for 60 min at 37oC with or 
without (control) HAuCl4 (up to 1 mM) followed by the addition 
of Trypan Blue in PBS (0.05% final conc.). After 15 min of incu-
bation at 37oC, the samples were transferred into microchamber 
slides and observed under bright field microscopy. Dark blue 
color, associated with dye uptake (pointed by arrows), indicates 
plasma membrane damage. (B) samples of PRP were incubated 
for 60 min at 37oC with or without (control) HAuCl4 (up to 1 mM). 
Next, platelets were centrifuged and the lactate dehydrogenase 
activity in the supernatant was assessed by a spectrophotometric 
method. (C) samples of washed platelets were incubated for 20 
min at 37oC with or without (control) HAuCl4 (10–200 μM). The 
content of thiol (-SH) groups in platelets was measured by using 
the DTNB assay. The total free-SH groups content in platelets was 
about 113.9±14 nmoles/2×108 cells. Data are mean values (± S.D.) 
or representative spectra of three independent experiments (each 
in triplicate). *P<0.05.
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reduction in the platelet aggregatory response (Fig. 8). 
Au(III) (10–100 μM) inhibited collagen- or monensin-in-
duced serotonin secretion from platelets in a dose-de-
pendent fashion (Fig. 2A). TEM examination revealed 
that Au(III) (100 μM) reduced the emptying of dense 
granules in platelets stimulated by collagen (Fig. 2D).

Inhibition of APQs by Au(III) results in reduction of 
secretion from the platelet α granules

Au(III) (10–100 μM) reduced the release of PF4 and 
P-selectin from collagen- or TRAP-stimulated platelets 
(Fig. 2B), in a dose-dependent manner.

Blockage of AQPs by Au(III) distinctly reduces secretion 
from the platelet lysosomes

Au(III) (10–100 μM) inhibited secretion of hexosamin-
idase from collagen-stimulated platelets in a dose-depen-
dent manner (Fig. 2C).

Au(III) failed to affect agonist-
induced protein kinase D2 
phosphorylation

Au(III), at concentrations com-
pletely blocking dense granule se-
cretion (100 μM), did not affect 
phosphorylation of serine residues 
in the 115 kDa protein (a marker 
of protein kinase D2, (PKD2) phos-
phorylation, Fig. 5C), a prerequisite 
for thrombin- or collagen-evoked 
dense granule secretion (Stafford et 
al., 2003).

Minor role of AQPs in the platelet 
aggregation

Blocking of AQPs by Au(III), 
up to 100 μM, failed to reduce the 
aggregation of platelets stimulated 
by the threshold concentrations of 
collagen, ADP, TRAP, arachidonic 
acid, or PMA (Fig. 8). Collagen-
induced aggregation was not 
sensitive to Au(III), irrespective 
of whether it was measured in the 
whole blood or in PRP. Aggregation 
induced by the A23187 ionophore 
was the only one that begun with 
a distinct delay. When aggregation 
was triggered by adrenaline, 100 
μM of Au(III) strongly reduced the 
second wave of response.

DISCUSSION

The results presented here sug-
gest that besides recently discov-
ered AQP1 (Agbani et al., 2018) 
and AQP7 (Goubau et al., 2013), 
human platelets are likely to pos-
sess ten additional subtypes of 
AQP family members belonging to 
the subfamilies of classical aqua-
porins (AQPs 0–2 and AQPs 4–6), 
aquaglyceroporins (AQP3, AQP7, 
AQP9 and AQP10) and superaqua-
porins (AQP11 and 12) (Fig. 1A). 

Figure 7. Lack of impact of HAuCl4 on platelet ultrastructure. 
Platelets (in PRP) were preincubated with (Au+, 100 µM) or 
without (Au−) HAuCl4 for 10 min at 37oC, followed by fixation in 
paraformaldehyde. Platelet ultrastructure was visualized under 
atransmission electron microscope. Black bar is 2500 nm. Original 
magnification is ×5  000. Representative micrographs form one 
experiment (out of three) are presented. 

Figure 8. HAuCl4 differently reduced aggregation and dense granule secretion. 
Samples of PRP or whole blood (WB) were incubated for 3 min at 37°C, with or with-
out (control, C) 100 µM of HAuCl4 (Au). Aggregation (C_agg, Au_agg) and ATP secretion  
(C_sec, Au_sec) were initiated (arrows at the upper left corner of each panel) by the addi-
tion of collagen (Chrono-Par reagent, 2 µg/ml), ADP (10 µM), TRAP (10 µM), adrenaline (10 
µM) or arachidonic acid (1 mM). All concentrations are final concentrations in the samples. 
Electronic aggregation (WB panel) or optical aggregation (PRP panels) and ATP release 
were monitored simultaneously by using a lumiaggregometer as described under Meth-
ods. Representative traces from one experiment (out of 8, each in triplicate) are presented.
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In platelets, AQPs are localized in the plasma membrane 
and intracellularly, particularly in the dense and alpha 
granules (Fig. 1B–D). Interestingly, the platelet granules 
contain superaquaporins (AQP11 and 12) i.e. subtypes 
of AQPs family so far exclusively found inside the cells 
(10–12). Great diversity of AQPs, as well as their lo-
calization in the granules, indicate their importance for 
platelet function.

To study the role of AQPs in the platelet physiolo-
gy, we employed 10–100 μM tetrachloroauric acid (here 
referred to as “Au(III)”) as an inhibitor of water chan-
nels. Au(III) in the form of HAuCl4 is known to inhibit 
(IC50=14 μM) AQP1 in the murine and human eryth-
rocytes (RBC) (Yang et al., 2006). Synthetized gold(III) 
complexes (like Auphen) have been reported to inhibit 
AQP3 and AQP7, expressed in human RBC (Martins et 
al., 2012) and in adipocytes (Madeira et al., 2014), respec-
tively. Heavy-metal, sulfhydryl-reactive small molecules, 
such as Hg(II) and Au(III) (classical AQPs inhibitors), 
are currently the best established blockers of different 
subtypes of water channels (Esteva-Font et al., 2016). In-
hibition of water channels by classical inhibitors (includ-
ing Au3+) is thought to occur via interactions with the 
-SH group of the cysteine residues protruding into the 
water channel (Martins et al., 2012; Madeira et al., 2014; 
Estava-Font et al., 2016). Additionally, Au3+, with the ion 
diameter of ~2.7 Å, matches the predicted AQP pore di-
ameter of 2.8 Å (Niemietz & Tyerman, 2002). This com-
bination of reactivity and size most likely constitutes the 
basis of the observed inhibitory effect. The disadvantage 
is that the mentioned ions block water channels at rela-
tively high concentrations and may be toxic (especially 
Hg) to living cells. Despite numerous efforts to identify 
novel non toxic small-molecule inhibitors, classical AQP 
inhibitors, especially Au(III) seem to be currently the 
best established water channel blockers (de Almeida et 
al., 2017; Esteva-Font et al., 2016).

The results presented here show that Au(III), at rela-
tively low micromolar concentrations (10–100 μM), in-
hibited hypoosmotically- or monensin-evoked (due to 
Cl– and Na+ influx) rapid platelet swelling (Fig. 4B) – a 
phenomenon critically dependent on the AQPs action 
(Verkman, 2012). Since AQPs are likely to be involved 
in both of the above mentioned types of rapid swelling, 
this may indicate involvement of Au(III) in the platelet 
water channel blocking. The observation that Au(III) in-
hibits tritiated water uptake by platelets treated with col-
lagen or monensin is consistent with this idea (Fig. 4D).

Au(III) compounds are much less toxic than com-
monly used 0.3 M mercury chloride. Experiments with 
NaAuCl4 reveal its relatively low toxicity to mice (Su-
walsky et al., 2004). However in the same study it was 
also suggested that NaAuCl4 (at 0.1–10 mM concentra-
tions) may affect morphology (shape) of red blood cells 
suspended in an artificial medium. Specifically, following 
one hour incubation with 0.1 mM HAuCl4, some red 
cells changed their normal discoid shape into stomato-
cytes (a cup-shaped form with evagination of one surface 
and a deep invagination of the opposite face). This was 
suggested to result from interaction of Au(III) with the 
phospholipids in the inner leaflet of the plasma mem-
brane. However, it should be stressed that Au(III)-relat-
ed stomatocytosis of RBC was observed in washed cells 
suspended in buffered saline, i.e. in a highly non-physi-
ological environment. In our experimental model we did 
not observe stomatocyte or echinocyte (RBC with many 
small thorny projections) formation following incubation 
of RBC suspended in plasma (i.e. under conditions much 
more relevant to the in vivo situation and similar to those 

used in our study) even following one hour of incuba-
tion of whole blood with up to 1 mM HAuCl4 (observa-
tions performed under an optical microscope, results not 
shown here). Under the same conditions, HAuCl4 did 
not induce RBC hemolysis (not shown). These observa-
tions make the direct effect of Au(III) on platelet mem-
brane highly unlikely, at least under experimental condi-
tions that we used here, i.e. short (3–5 min) exposure 
of platelets (suspended in the plasma or in the medium 
containing albumin) to 10–100 μM HAuCl4. This notion 
is further strengthened by the finding that exposure of 
platelets to 100 μM Au(III) for 10 min did not result 
in alterations in the platelet ultrastructure (including in-
vagination in platelet plasma membrane) examined under 
transmission electron microscope (Fig. 7). Accordingly, 
by using the LDH and trypan blue tests we showed that 
following one hour incubation of platelets suspended in 
plasma with 1 mM Au(III), their plasma membrane re-
mains intact (Fig. 6A–B).

To sum up, the substantial influence of Au(III) on 
platelet membrane is excluded, at least under the experi-
mental conditions that we used for functional studies, 
i.e. short (3–5 min) exposure of platelets to 10–100 μM 
Au(III).

Studies performed with several synthetic gold (III) co-
ordinated complexes displaying anti tumor activity reveal 
that their cytostatic activity can be associated with inhibi-
tion of thioredoxin reductase and impairment of mito-
chondria (Barnard & Berners-Price, 2007; Taotao et al., 
2015). Platelets contain a thioredoxin reductase and its 
inhibition was recently reported to result in attenuation 
of the platelet-mediated clot retraction (Metcalfe et al., 
2016). These effects were proposed to result from inter-
actions of Au(III) with intracellular SH groups (Metcalfe 
et al., 2016; Taotao et al., 2015). However, treatment of 
platelets with 100 μM of Au(III) for 20 min did not re-
sult in a significant decrease in SH group content in the 
platelets (Fig. 6C). What is more, treatment of platelets 
with 100 μM of Au(III) did not result in alteration of 
kinetics of clot retraction (results not shown). Since ki-
netics of clot retraction is critically dependent on energy 
production in the platelet mitochondria (Misztal et al., 
2013; Misztal et al., 2014; Misztal et al., 2014), this means 
that Au(III) does not distinctly affect functionality of the 
platelet mitochondria. This makes the impact of Au(III) 
on platelet thioredoxin reductase and mitochondria un-
likely, at least under the experimental conditions we used 
here.

The possibility that Au(III) affects ion fluxes (preced-
ing generation of local osmotic disequilibrium (necessary 
for AQPs-mediated water influx) (Schwab et al., 2012) is 
also excluded since the concentrations of Au(III) inhibit-
ing rapid platelet swelling (i.e. up to 100 μM) failed to 
reduce the influx of osmotically active Cl– and Na+ into 
the cytosol of platelets activated by thrombin or collagen 
(Fig. 5A–B).

Combined, the findings of this study show that  
HAuCl4, at the concentrations of 10–100 μM, may serve 
as a potent and selective inhibitor of AQPs in platelets.

Results presented here show that AQPs are essen-
tial for platelet secretion from the dense granules, alpha 
granules, and from lysosomes. Blocking of AQPs re-
duced platelet secretion considerably (Fig. 2A–D, Fig. 3, 
Fig. 8). Notably, blocking of platelet AQPs by 100 µM 
HAuCl4 resulted in complete inhibition of secretion from 
the dense granules (Fig. 2A and 8) induced by all principal 
physiological and pharmacological activators, including ac-
tivator of the thrombin receptor. The question arises: how 
may AQPs contribute to platelet secretion?
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The current model of the platelet secretory process 
considers that a crucial step in exocytotic secretion is 
fusion of the membranes of secretory granules with the 
membranes of the open canalicular system (OCS)/plas-
ma membrane (Lemons et al., 1997; Sudhof & Rothman, 
2009; Fang & Lindau, 2014; Mellander et al., 2014). It is 
also recognized that in platelets, membrane fusion is me-
diated by the assembly of the SNARE (Soluble N-ethyl-
maleimide-sensitive factor Attachment protein REceptor) 
complex (Sudhof & Rothman, 2009; Peng et al., 2013). 
However, the central role of SNARE proteins in plate-
let secretion is still not certain (Golembiewska & Poole, 
2015). It is also well documented that membrane fusion, 
crucial for exocytosis, may be promoted by distending 
the vesicle membrane (a physical factor raising the sur-
face free energy of the granule membrane, favoring fu-
sion) (Ornbern et al., 1995; Kelly et al., 2004; Jeremic et 
al., 2005; Mellander et al., 2014).

Despite the fact that it is well documented that se-
cretory granules, in activated platelets, are swollen and 
connected with the channels of OCS (Escolar & White, 
1991; White & Escolar, 1991; White, 1999), the contri-
bution of granule swelling to platelet secretion is cur-
rently poorly recognized (Golembiewska & Poole, 2015). 
Here, we hypothesize that continuous water uptake by 
platelet secretory granules generates force (hydrostatic 
pressure) which supports not only their inflation, neces-
sary for fusion, but also determines continuous one-way 
cargo movement from granules to the OCS channels/
plasma membrane and further, to the exterior surface. 
The role of AQPs in this model is likely to promote 
a rapid influx of water into secretory granules. In line 
with this idea is our finding that the platelet dense and 
alpha granules are rich in AQPs (Fig. 1C–D), and that 
thrombin- or monensin-evoked changes in the intra-
cellular AQPs distribution (dispersing of AQP-related 
signals visible under confocal microscope, reflecting 
granule swelling, (Fig. 1F)) were almost completely re-
duced following treatment of platelets with 100 µM of 
Au(III), a concentration of AQP blocker completely re-
ducing platelet secretion from the dense and alpha gran-
ules induced by physiological stimulators and monensin 
(Fig 2A–B). Accordingly, Au(III) also reduces secretion 
from the dense granules induced by calcium ionophore 
A23187 (Fig. 8). Experiments performed on isolated 
platelet granules have revealed that calcium ions trigger 
secretory vesicle swelling (van der Meulen & Grinstein, 
1982; van der Meulen & Grinstein, 1983).

Therefore, it is likely that in platelets AQPs play a role 
in secretion through the regulation of the vesicle vol-
ume. In this context it is of importance to note that the 
role of AQPs in the swelling of secretory granules was 
previously demonstrated in chromaffin cells, neurons, 
and exocrine pancreas cells (Jeremic et al., 2005; Sugiya 
& Matsuki, 2006; Ohta et al., 2009; Ishibashi et al., 2014). 
Substantial similarity between platelet and chromaffin 
cell secretory systems has been recognized (Fitch-Tewfik 
& Flaumenhaft, 2013).

Our results are consistent with the previous report 
showing that platelets from children with a mutation of 
AQP7 have impaired ATP secretion from dense granules 
(Goubau et al., 2013). In the very recently published pa-
per, Agbani et al. demonstrated that platelets from AQP1 
knockout mice have only slightly impaired secretion 
from the dense granules (Agbani et al., 2018). This was 
interpreted to mean that AQP1 is not directly involved 
in the platelet secretory response. In the same report, 
the authors demonstrated that in platelets from wild type 
mice AQP1 is localized in the membranes of OCS but 

not in the granule membranes. However, it is highly like-
ly that other types of AQPs may be involved in platelet 
secretion, especially those which we found to be present 
in the dense bodies and alpha granules, and those previ-
ously reported to play a role in secretion in platelets and 
other cells i.e. AQP5 (Sugiya et al., 2008), AQP6 (Jeremic 
et al., 2005), AQP7 (Goubau et al., 2013), and AQP12 
(Ohta et al., 2009). 

The results presented here indicate a minor role for 
AQPs in the platelet aggregatory process (Fig. 8). As re-
ported here, the Au(III)-related inhibition of aggregation 
induced by epinephrine resulted most likely from im-
paired secretion rather than from any direct effect on ag-
gregation. This is based on observation that in platelets 
stimulated by adrenaline, the second wave of aggregation 
starts simultaneously with secretion. Interestingly, Au(III) 
did not reduce platelet aggregation evoked by arachi-
donic acid and PMA (PKC activator), and only slightly 
inhibited aggregation induced by calcium ionophore 
A23187, indicating that Au(III) did not affect the platelet 
responses through the reduction of thromboxane A2 for-
mation, modulation of the PKC pathway or deregulation 
of calcium signaling.

The important finding of this study is identification 
of HAuCl4 (10–100 μM) as a new potent and specific 
inhibitor of platelet secretion. Of importance, 100 μM 
Au(III) is able to completely block platelet secretion 
without reducing their aggregation (Fig. 8). 

The limitation of this study is the fact that it is not 
certain whether HAuCl4 equally blocks all of the AQPs 
channels. It is also difficult to specify which subtypes of 
AQPs play a role in secretion. Further studies with AQP 
knockout models are required to completely resolve 
these questions. The limitations of this study also com-
prise imaging of APQs with polyclonal antibodies. The 
presence of these AQP isoforms should be confirmed in 
the future by more sensitive detection systems (i.e. mon-
oclonal antibodies, proteomics-related techniques).

In conclusion, this study has revealed that human 
platelets contain numerous subtypes of AQPs water 
channels localized both, in the plasma and granule mem-
branes. Rapid water transport through AQPs localized 
in platelet plasma membrane may be vital for adapta-
tion of these cells to sudden changes in plasma osmolal-
ity. AQPs localized in secretory granules play a role in 
their rapid swelling which seems to be crucial for the 
release of their cargo. HAuCl4 is emerging as a specific 
and potent blocker of platelet secretion and a novel tool 
for examination of the contribution of platelet secreto-
ry process to hemostasis. Our finding that blocking of 
the aquaporin water channels results in complete inhibi-
tion of the platelet secretion induced by all physiological 
stimulators (including activator of thrombin receptor) is 
of great clinical importance. None of the currently used 
antiplatelet drug are able to inhibit platelet secretion in-
duced by the strongest platelet stimulus, i.e. thrombin. At 
pathological conditions, large quantities of thrombin can 
be produced following sudden rupture of atherosclerotic 
plaque (Badimon & Vilahur, 2014). Recently published 
studies strongly indicate that platelet secretion is critical 
for the thrombus growth (Golembiewska & Poole, 2015; 
de Witt et al., 2014; Konopatskaya et al., 2009). Our find-
ings thus create basis for projection of new generation 
of the antiplatelet drugs.
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