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Human platelets contain a pool of free zinc in dense granules
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Abstract

Background: Activated platelets release procoagulant factors that include Ca2+ and

Zn2+. Releasable Ca2+ stores have been identified in platelet dense granules and the

dense tubular system, but similar stores of free Zn2+ have not been identified.

Objectives: Guided by studies of platelet Ca2+, we employed minimally disruptive

methods to identify and localize concentrated free Zn2+ in human platelets.

Methods: Resting platelets from normal donors (NDs), patients with gray platelet syn-

drome (GPS) lacking α-granules, and patients with Hermansky-Pudlak syndrome (HPS)

deficient in dense granuleswere loadedwith cell-permeant fluorescent probes specific to

free Ca2+ or Zn2+. Ion concentrations were detected in fixed cells as bright puncta via

high-resolution confocal microscopy. Ions were also directly detected via transmission

electron microscopy and energy dispersive X-ray analysis. Levels of total platelet Ca, Zn,

and Mg were measured via inductively coupled plasma optical emission spectroscopy.

Results: Fluorescent Zn2+ puncta counts were similar in ND and GPS platelets and

markedly lower in HPS platelets, pointing to dense granules as likely reservoirs of free

Zn2+. This localization was supported by direct detection of Ca2+, Zn2+, and Na+ in

platelet dense granules via transmission electron microscopy and energy dispersive X-

ray analysis. Measurements of total platelet Ca, Zn, and Mg via inductively coupled

plasma optical emission spectroscopy indicated that free Zn2+ represents a small

proportion of total platelet zinc, consistent with the strong affinity of Zn2+ for binding

proteins, including several abundant in platelet α-granules.

Conclusion: We conclude that normal human platelets contain a pool of free Zn2+

concentrated in dense granules that is available for secretion upon platelet activation

and potentially contributes to hemostasis.
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Essentials

• Platelets initiate and promote hemostasis by secreting the free cations Ca2+ and Zn2+.
• Unlike Ca2+, platelet stores of potentially secretable free Zn2+ have not been identified.

• We detected Ca2+, Zn2+, and other ions at high resolution within human platelets.

• Comparisons of normal and deficient platelets show that dense granules store concentrated free Zn2+.
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1 | INTRODUCTION

Calcium and zinc ions play key roles in many physiological processes

[1,2]. Ca2+ is an abundant electrolyte in interstitial fluids and blood

plasma where the concentration of free Ca2+ is roughly equivalent to

that bound to albuminandother proteins [1]. In contrast, Zn2+ is present

at much lower concentrations in plasma (10-20 μM) than Ca2+ (>2mM)

and >90% Zn2+ ions are bound to albumin and other proteins [3,4],

leaving very little free Zn2+ in the circulation.Within cells, levels of free

Ca2+ are typically maintained at submicromolar levels by membrane

pumps [1], while intracellular free Zn2+ concentrations are very low

because of its high affinity to a wide range of proteins [5]. These include

enzymes forwhichZn2+ serves as an essential cofactor [6], and cytosolic

metallothioneins [7] that sequester potentially toxic free Zn2+ ions [8].

Ca2+ and Zn2+ play prominent roles in several aspects of hemo-

stasis [4,9]. Both ions are involved in the function of coagulation

factors; eg, factor XIII activation [10] requires Ca2+ and FXII activation

[11] requires Zn2+. Free Ca2+ and Zn2+ are also involved in platelet

adhesion and activation [12,13], where the role of Ca2+ has been

elucidated over several decades [14]. Ca2+ is mobilized both intra-

cellularly and extracellularly during platelet activation [15], and 2

major Ca2+ stores have been identified [16]. The primary source of

releasable Ca2+ is contained in the endomembranous dense tubular

system [17] where millimolar Ca2+ levels are maintained by sar-

co(endo)plasmic reticulum Ca2+ ATPase (SERCA) 2b. Another pool of

Ca2+ is maintained in acidic vesicles by SERCA3 acting in concert with

a proton gradient driven by vacuolar ATPase [18]. These acidic vesi-

cles include primary lysosomes, which are present in low numbers in

human platelets [19], and the more numerous dense granules [20],

which also contain adenosine di- and triphosphate, serotonin, and

polyphosphate, which contribute to platelet activation, adhesion, and

stabilization at sites of vascular damage [21].

Compared with Ca2+, much less is known about the contributions

of Zn2+ to hemostasis and its interactions with platelets. It has long

been known that zinc deficiency is associated with reduced platelet

reactivity and bleeding [22], while excess zinc is associated with

platelet hyperreactivity [23]. Extracellular release of Zn2+ from acti-

vated platelets is indicated by the higher levels of Zn2+ in serum

relative to plasma [24], but unlike Ca2+, potential stores of free Zn2+

in platelets have not been conclusively identified. A primary technical

challenge in identifying such stores is the high affinity of Zn2+ for

many platelet proteins, including abundant α-granule cargo such as

fibrinogen, albumin, and FXIII [25]. Thus, while studies that localized

platelet Zn2+ using cell fractionation [26] and tracking with ion-
specific reporters [27] detected large amounts of Zn2+ within

α-granules, most of this is likely to be bound to proteins and thus not

mobilizable as free Zn2+.

Guided by studies with Ca2+, the aim of this study was to use

established minimally disruptive methods [28–31] to localize

concentrated free Zn2+ in resting human platelets. The specific goals

were to; 1) use ion-specific cell-permeant fluorescent dyes and high-

resolution laser fluorescence microscopy [29] to identify sites of

concentrated free Zn2+ in resting platelets and assess their localiza-

tion relative to Ca2+; 2) compare normal platelets with those specif-

ically lacking dense or α-granules to gain insights into the intracellular

localization of free Zn2+; 3) directly detect concentrations of Zn2+ and

other ions in normal platelets using transmission electron microscopy

and energy dispersive X-ray analysis (TEM-EDX) [32]; and 4) deter-

mine the contribution of free Zn2+ stores to total platelet zinc.
2 | METHODS

2.1 | Platelet isolation

As per Research Ethics Board approved guidelines and with appro-

priate informed consent, blood anticoagulated with 3.2% sodium cit-

rate was collected from healthy normal donors (NDs) and from

patients diagnosed with hereditary conditions causing deficiency in

platelet dense granules (Hermansky-Pudlak syndrome [HPS]) or

α-granules (gray platelet syndrome [GPS]). Patients with HPS 1 and 3

carried pathogenic variants of HSP1, and the variant of patient 2 was

not known; all 3 patients with HPS had <0.6 dense granules per

platelet (50 platelets counted) as determined by whole-mount elec-

tron microscopy [33]. The patient with GPS had no detectable

NBEAL2 expression [34,35]. Platelet-rich plasma (PRP) and washed

platelets were prepared as previously described [29].
2.2 | Detection of free Ca2þ and Zn2þ via

high-resolution fluorescence microscopy

Washedplateletswere resuspended inTyrode’s buffer (pH7.2) and live-

stained by incubation with varying combinations of the cell-permeant

dyes FluoZin-3-AM (5 μM; specific for free Zn2+), Calcium Orange (1

μM; specific for free Ca2+), and MitoTracker Deep Red (specific for

mitochondria), all purchased from Life Technologies, with slow rotation

followingmanufacturer instructions. After postincubation in the dark to
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allow fluorescent ester cleavage, platelets were hard fixed with 4%

paraformaldehyde, rinsed in phosphate buffered saline (PBS), resus-

pended in PBS+1% bovine serum albumin, and spotted on glass cov-

erslips as previously described [29]. Platelet preparations were

poststainedwith Alexa Fluor–conjugatedwheat germ agglutinin (WGA;

Life Technologies) to detect sialylatedproteins abundant on the platelet

surface [30]. Live platelets were not exposed to potentially activating

stimuli and were not permeabilized to avoid potential loss of free ion

staining. Platelet preparations were mounted and imaged by confocal

laser fluorescence microscopy as previously described [29] using

emission wavelengths corresponding to FluoZin-3-AM (515 nm), Cal-

cium Orange or WGA-555 (594 nm), and Mitotracker Deep Red or

WGA-647 (670 nm). Images were acquired, deconvolved, and registry-

corrected usingVolocityAnalysis (Perkin Elmer), whichwas also used to

visualize images of individual resting platelets (identified by circular

shape and discoid XZ profiles) that were manually scored for intracel-

lular puncta. Selected images were exported to Bitplane Imaris 10 for

preparation of 3D renders, and high-quality images were exported to

Adobe Photoshop or Photoshop Elements for figure preparation.

Counts of fluorescent puncta were tabulated with Microsoft Excel and

exported to GraphPad Prism for preparation of frequency distribution

histograms.
2.3 | Electron microscopy and energy dispersive

X-ray analysis

PRP was spotted onto Formvar carbon-covered gold EM grids that

were coated with fibrinogen at 4 ◦C overnight, and then blocked with

human serum albumin. After 20 minutes, adherent platelets were

fixed with 2% paraformaldehyde and 0.2% glutaraldehyde and rinsed

with 0.1M phosphate buffer. Grids were embedded in 1.8% methyl

cellulose and adherent platelets were imaged in a beryllium specimen

holder (Philips) via TEM with a 200-kV Tecnai 20 microscope (FEI

Company) using a LaB6 gun (T20-LaB6). Images were acquired with a

4k × 4k Eagle camera (FEI Company). TEM-EDX analysis [32] was

performed to identify elements in nongranular and dense granule

areas of adherent platelets mounted using a T20-FEG (field emission

gun) equipped with an EDAX CM-200ST X-ray detector. Samples were

also subjected to scanning TEM using T20-FEG with a twin objective

lens. Data were acquired at an extraction voltage of 4.4 kV, at gun lens

setting 6, at a spot size of 6, and with a 70-μm C2 condenser aper-

ture—corresponding to a spot diameter of approximately 1.96 nm.

Spot and area spectra for element detection were interpreted using

the FEI TEM imaging and analysis software package version 4.8 SP1.
2.4 | Determination of total platelet content of Ca,

Mg, and Zn via inductively coupled plasma optical

emission spectroscopy

Washed platelets were suspended in PBS at a concentration of 2000/

nL, and then diluted at 1:49 in 1.5% tetramethyl ammonium hydroxide
and 1.5% HCl to produce lysates with a final concentration equivalent

to 40 platelets/nL. Day blank samples were prepared with PBS only.

Samples were calibrated against blanks and ion concentration stan-

dards and analyzed using a Thermo Scientific iCAP Pro inductively

coupled plasma optical emission spectroscopy (ICP-OES) instrument

and manufacturer software at the ANALEST facility, University of

Toronto. The concentrations (mg/L) of Ca, Mg, and Zn in platelet ly-

sates were determined at 3 different emission lines, and mean values

were exported from the analytical software and collated. Tables were

prepared using Microsoft Excel. Graphs were prepared using Graph-

Pad Prism software.
3 | RESULTS

3.1 | Detection of concentrated free Ca2þ and Zn2þ

in normal and granule-deficient platelets

The tetramethylrhodamine-based indicator Calcium Orange is a well-

established Ca2+-specific intracellular probe that produces a strong

signal at wavelengths where scattering and cellular autofluorescence

offer little interference [36]. FluoZin-3 has proven similarly useful for

probing intracellular Zn2+ fluxes in the form of cell-permeant FluoZin-

3-AM [37]. Among zinc indicators, FluoZin-3-AM also has the

advantage of being relatively insensitive to physiological levels of

calcium or magnesium, which can confound detection of free Zn2+

[38]. When resting ND platelets were treated with FluoZin-3-AM and/

or Calcium Orange prior to fixation, stained with WGA, and imaged by

high-resolution confocal laser fluorescence microscopy, intracellular

free Zn2+ and/or Ca2+ were detected as bright puncta within cell

boundaries delineated by WGA. Representative images are shown in

Figure 1A for ND platelets and platelets from patients with GPS,

specifically deficient in α-granules, or from patients with HPS, specif-

ically deficient in dense granules. Some platelets showed bright WGA

regions consistent with the open canalicular system, as previously

observed [30]. While these platelets were not permeabilized, it is also

possible that the contents of α-granules located close to the outer

membrane may have been stained with WGA, as is seen in per-

meabilized cells [29,31]. Diffuse Calcium Orange staining was evident

in many platelets, consistent with the high amounts of Ca2+ contained

in the dense tubular system [16].

Images of individual ND platelets and those from patients with

GPS and HPS were scored for intracellular Zn2+ puncta (see Methods).

The results are summarized as frequency distribution histograms in

Figure 1B (data and summary statistics in Table 1). The distributions

show that, for all groups, the most frequent score was 0 detectable

Zn2+ puncta, accounting for 29% to 38% of ND and GPS platelets and

66% to 76% of HPS platelets. The mean Zn2+ puncta per platelet

ranged from 1.2 to 1.7 for ND (range: 0-8 puncta) and GPS platelets

(range: 0-11 puncta), and from 0.3 to 0.5 for HPS platelets (range: 0-4

puncta). These results indicate that while α-granule–deficient platelets

had free Zn2+ puncta counts comparable to normal platelets, dense

granule–deficient platelets had markedly fewer puncta. This



F I GUR E 1 Zn2+ and Ca2+ puncta in normal platelets and cells deficient of alpha or dense granules. (A) Platelets treated with FluoZin-3-AM

and Calcium Orange and stained with WGA were imaged by confocal laser fluorescence microscopy to detect puncta indicating concentrated

Ca2+ (red) or Zn2+ (green); WGA (magenta) showed cell membranes and near-membrane structures. Representative resting platelets are shown

from a normal donor (top row), patient with alpha granule–deficient GPS (middle row), and patient with dense granule–deficient HPS (bottom

row). (B) Similar images were used to score Zn2+ puncta in resting platelets (n > 198) from 3 NDs (ND-1, ND-2, and ND-3), 2 patients with GPS

(GPS-1 and GPS-2), and 3 patients with HPS (HPS-1, HPS-2, and HPS-3); graph shows frequency distributions of counts (left to right from 0 to

11 in each set), which were similar for ND and GPS platelets, and indicated markedly fewer Zn2+ puncta in dense granule–deficient platelets

(full data in Table 1). (C) Representative images of a normal donor platelet treated with Mitotracker-DR (magenta) and FluoZin3-AM (green) and

stained with WGA (red) show Zn2+ puncta distinct from mitochondria (data in Table 2). All images are 3D renders of confocal images;

bars = 1 μm. GPS, gray platelet syndrome; HPS, Hermansky-Pudlak syndrome; ND, normal donor; WGA, wheat germ agglutinin.
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observation points to the dense granules as potential reservoirs of

concentrated free Zn2+ in human platelets.
3.2 | Overlap of free Zn2þ and Ca2þ puncta

When platelets were simultaneously stained for both free Zn2+ and

Ca2+, puncta were often observed to overlap (Figure 1A, top row).

This overlap was quantified in 97 ND platelets that contained at least
T AB L E 1 Summary of maximum and mean Zn2+ puncta detected in p
HPS (n = 3).

ND-1 ND-2 ND-3

No. of platelets scored 421 198 381

Maximum puncta 7 8 7

Mean puncta 1.18 1.71 1.3

Distributions are shown in Figure 2.

Information on race and ethnicity is not available for these subjects and is not

conditions.

GPS, gray platelet syndrome; HPS, Hermansky-Pudlak syndrome; ND, normal
one of each type of punctum. The data summarized in Table 2 show an

overlap for 54% (111 of 206) and 47% (111 of 234) of Zn2+ and Ca2+

puncta, respectively, in these cells. The numbers of puncta per platelet

(ie, the ratio of puncta to cells scored) were 2.1 for Zn2+ and 2.4 for

Ca2+. Both of these values are considerably lower than the estimated

mean number of dense granules per platelet reported from studies

using electron [39,40] or fluorescence [31,41] microscopy, which

ranges from 5 to 8. The most likely reason for this discrepancy is that

our method could only detect granules having high concentrations of
latelets from NDs (n = 2), patients with GPS (n = 2), and patients with

GPS-1 GPS-2 HPS-1 HPS-2 HPS-3

288 424 800 259 211

7 11 4 4 4

1.60 1.54 0.46 0.34 0.31

likely to be relevant to these findings since GPS and HPS are inherited

donor.



T AB L E 2 Frequencies of overlap of Zn2+ puncta with Ca2+ puncta
or MT in ND platelets containing at least one of each.

Platelets with Zn2þ and Ca2þ puncta (n = 97)

Zn2þ Ca2þ Zn2þ and Ca2þ

Total puncta 206 234 111

% overlapped 53.9 47.4

Puncta/cell 2.1 2.4 1.1

Platelets with MT and Zn2þ puncta (n = 56)

Zn2þ MT Zn2þ and MT

Total puncta 115 317 9

% overlapped 7.8 2.8

Puncta/cell 2.1 5.7 0.2

MT, mitochondria; ND, normal donor.
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free Zn2+ and/or Ca2+ at the time the platelets were loaded and/or

imaged. This would explain why many platelets showed no detectable

puncta for one or both ions (Figure 1B). While it may also be possible

that dense granules differentially accumulate free Zn2+ and/or Ca2+, it

is likely that fluorescence staining lacks the sensitivity to make a

definitive assessment.
3.3 | Free Zn2þ in platelet mitochondria

Zn2+ and Ca2+ fluxes are critical to mitochondrial function [42,43],

and human platelets typically contain several mitochondria [39]. The

possibility that platelet mitochondria contain detectable concentra-

tions of free Zn2+ was examined by imaging ND platelets that were

simultaneously treated with FluoZn-3-AM and Mitotracker-DR. We

observed 575 mitochondria in a total of 109 platelets (mean = 5.3/cell;

range: 1-12), and the results (Figure 1C) indicated that mitochondria

were distinct from Zn2+ puncta. When 56 platelets containing at least

one of each type of punctum were scored, the data (Table 2) revealed

overlap for 7.8% of Zn2+ puncta and 2.8% of mitochondria. These

results suggest that platelet mitochondria may contain a small pro-

portion of free Zn2+.
3.4 | Detection of concentrated Zn2þ and Ca2þ in

dense granules via TEM-EDX

An ideal approach for localizing platelet granules and/or their contents

is to use specific antibodies or stains (eg, WGA) that allow their

identification via fluorescence microscopy [31]. However, since this

approach requires cells to be permeabilized to allow antibodies to

enter, it is not useful for localizing ions like Zn2+ and Ca2+ that can

easily escape from permeabilized granules or cells. Platelet dense

granules were originally detected as electron dense bodies under

whole-mount TEM [44], and concentrated calcium and phosphorus

were localized to platelet dense granules in 1974 using a combination
of TEM, microincineration, and X-ray spectroscopy [45]. In an effort to

extend these findings, we employed a less destructive approach to

perform a similar analysis of platelet dense granule contents. TEM

imaging was used to identify dense granules against nongranular (ie,

background) areas in adherent platelets (Figure 2A, right). Both re-

gions were also subjected to EDX analysis [32], which can detect a

wide range of ions and elements. Analysis of individual dense granules

detected above-background peaks for C, P, O, Na+, Ca2+, and Zn2+

(representative data shown in Figure 2A [left]). Scanning TEM element

mapping was used to visualize the presence of Ca2+, Zn2+, Na+, and P,

and the results (Figure 2B) confirmed their concentration within in-

dividual dense granules.
3.5 | Free Zn2þ contribution to total platelet zinc

ICP-OES analysis was used to compare the mean concentrations of

elemental Zn, Mg, and Ca in lysates of platelets from 4 ND and 3 HPS

patients. The results (Figure 2C) show expected low levels of Ca2+ in

lysates of dense granule–deficient platelets compared with lysates of

normal platelets, while there were no apparent differences in the

levels of Zn or Mg. Mean levels of Ca, Zn, and Mg in lysates from ND

platelets were 7.1, 0.4, and 2.0 mg/1012 platelets, respectively, which

are comparable with the results of 6.3, 0.3, and 1.9 mg/1012 platelets,

respectively, reported from atomic absorption spectroscopy analysis

[26]. These results indicate that while free Ca2+ in dense granules

accounts for a major portion of total calcium present in normal

platelets, the free Zn2+ in dense granules represents only a small

fraction of total platelet zinc. The dense granule store, however, likely

represents the main reservoir of releasable free Zn2+.
4 | DISCUSSION

Our observations indicate that concentrated free Zn2+ and Ca2+ can

be detected as discrete puncta in human platelets via fluorescence

microscopy (Figure 1A), and the small numbers observed are consis-

tent with the localization of free Zn2+ to low-abundance vesicles such

as dense granules. This localization is consistent with the much lower

frequency of puncta observed in dense granule–deficient HPS plate-

lets, but not in GPS cells lacking α-granules (Figure 1B and Table 1).

The substantial overlap observed between Zn2+ and Ca2+ puncta in

normal platelets (Table 2) also points to dense granules as the likely

reservoir of free Zn2+ in human platelets, a conclusion supported by

the direct detection via TEM-EDX of concentrated Zn2+, Ca2+, and

other ions within dense granules (Figure 2A, B). Our ICP-OES mea-

surements indicate that free Zn2+ in dense granules represents a small

portion of total platelet zinc (Figure 2C). This is consistent with the

potential toxicity of free Zn2+ [46], and also with its strong binding

affinity for a wide variety of proteins, including several packaged in

α-granules [25].

Our study has some parallels with a recent report by Gotru et al.

[27], which examined several aspects of Zn2+ homeostasis in human



F I GUR E 2 Direct detection of Zn2+ and Ca2+ in normal platelet dense granules and measurement of total platelet Ca, Mg, and Zn in normal

and dense granule–deficient platelets. (A) TEM-EDX was performed to identify ions and elements present in dense granules and nongranular

regions of adherent normal donor platelets. TEM negative image of a single platelet (right) shows a region (a, orange box) containing 2 dense

granules detected as white spots; the EDX spectrum (left) of the granule indicated by the red crosshair shows above-background peaks for

carbon (C), oxygen (O), Zn2+, Na+, P, and Ca2+. (B) The entire region was subjected to scanning element mapping, which confirmed the presence

of above-background concentrations of P, Na+, Ca2+, and Zn2+ in dense granules (white boxes). (C) ICP-OES was used to measure total

elemental Ca, Mg, and Zn concentrations (mg/L) in platelet lysates from NDs (n = 4) and patients with dense granule–deficient HPS (n = 3).

Results indicate a large Ca deficit in HPS platelets relative to normal, little difference in Mg or Zn levels (bars = mean and SD). Expressed

relative to cell number, the mean Ca, Zn, and Mg concentrations in ND platelets were 7.1, 0.4, and 2.0 mg/1012 platelets, respectively. HPS,

Hermansky-Pudlak syndrome; ICP-OES, inductively coupled plasma optical emission spectroscopy; ND, normal donor; TEM-EDX, transmission

electron microscopy with energy dispersive X-ray analysis.
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platelets, murine platelets, and megakaryocytes. These studies, how-

ever, have clear differences in their aims, approaches, and findings.

Salient differences include the following: 1) our principal goal was to

definitively localize potentially releasable free Zn2+ in resting human

platelets,whichwasa relativelyminor aspect of themorewidely ranging

study of Gotru et al. [27]; 2) while both studies reported observing Zn2+

puncta in resting human platelets, they were counted only in our study;

3) only our study examined platelet Ca2+ and mitochondria; 4) we

exclusively examined human platelets from normal controls and pa-

tients deficient in dense or alpha granules, while the other study pri-

marily compared deficient mouse strains and presented limited patient

data in supplementary material; 5) we directly localized Zn2+ to dense

granulesviaTEM-EDXanalysis andquantified total platelet zinc via ICP-

OES, while the other study relied primarily on fluorescencemicroscopy

andfluorometric analysis of zinc release fromactivated platelets; and 6)

unlike Gotru et al. [27], we examined neither bound Zn2+ in platelets or

megakaryocytes nor the effects of Zn2+ released from activated

platelets on fibrin formation. From these comparisons, we consider our

study to bedefinitive in identifyingdense granules as primary reservoirs

of free Zn2+ in human platelets, consistent with these granules carrying

only small molecules and ions.

Although ion release was not directly assessed in this study, we

consider it likely that the stores of free Ca2+ and Zn2+ in dense

granules are simultaneously released when platelets are activated.

Intracellular and extracellular mobilization are both likely to be highly

localized, and for free Zn2+, this release is expected to be physiolog-

ically significant given the very low levels of free ion normally present
in the cytosol and blood [12]. It has been reported that localized

concentrations of free Zn2+ of up to 30 μM are possible in the vicinity

of activated platelets, which would be sufficient to initiate coagulation

by facilitating the binding of FXII and FXI to endothelial cells [47].

Mobilized free Zn2+ may also contribute to platelet activation by

serving as an extracellular agonist [48] or an intracellular second

messenger [49]. Thus, while the amount of free Zn2+ stored in platelet

dense granules is small, its mobilization may be important for platelet

function and hemostasis [4,9,50].

Our findings raise questions concerning how, when, and why free

Zn2+ is loaded into platelet dense granules. While there appear to be

no clear answers at present, some clues may lie in recent reports that

the Zn2+ transporter transmembrane protein (TMEM) 163 is required

for the production of dense granules by megakaryocytes, as well as for

platelet dense granule secretion [51]. This may indicate that Zn2+

loading facilitates one of more of dense granule development, stabil-

ity, and function. That loading may be a complex process, since

TMEM163 is 1 of over 20 different Zn2+ transporters expressed in

human cells [52], and 1 of at least 5 expressed in platelets [53].

Clearly, there is much more to be learned about the physiology of

platelet-borne free Zn2+ and its potential therapeutic relevance.
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