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Ca2+ accumulation into acidic organelles mediated by Ca2+- and vacuolar
H+-ATPases in human platelets
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Most physiological agonists increase cytosolic free [Ca2+]c (cyto-
solic free Ca2+ concentration) to regulate a variety of cellular pro-
cesses. How different stimuli evoke distinct spatiotemporal Ca2+

responses remains unclear, and the presence of separate intra-
cellular Ca2+ stores might be of great functional relevance. Ca2+

accumulation into intracellular compartments mainly depends
on the activity of Ca2+- and H+-ATPases. Platelets present two
separate Ca2+ stores differentiated by the distinct sensitivity
to thapsigargin and TBHQ [2,5-di-(t-butyl)-1,4-hydroquinone].
Although one store has long been identified as the dense tubular
system, the nature of the TBHQ-sensitive store remains uncertain.
Treatment of platelets with GPN (glycylphenylalanine-2-naph-
thylamide) impaired Ca2+ release by TBHQ and reduced that
evoked by thrombin. In contrast, GPN did not modify Ca2+

mobilization stimulated by ADP or AVP ([arginine]vasopressin).

Treatment with nigericin, a proton carrier, and bafilomycin A1,
an inhibitor of the vacuolar H+-ATPase, to dissipate the proton
gradient into acidic organelles induces a transient increase in
[Ca2+]c that was abolished by previous treatment with the SERCA
(sarcoplasmic/endoplasmic-reticulum Ca2+-ATPase) 3 inhibitor
TBHQ. Depleted acidic stores after nigericin or bafilomycin A1
were refilled by SERCA 3. Thrombin, but not ADP or AVP, re-
duces the rise in [Ca2+]c evoked by nigericin and bafilomycin A1.
Our results indicate that the TBHQ-sensitive store in human
platelets is an acidic organelle whose Ca2+ accumulation is regu-
lated by both Ca2+- and vacuolar H+-ATPases.
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INTRODUCTION

Increases in [Ca2+]c (cytosolic free Ca2+ concentration) is one of
the most widely occuring transduction mechanisms in response to
stimuli regulating a large number of cellular processes, including
cell growth, muscle contraction, secretion and platelet aggregation
[1–4]. Ca2+-mobilizing cellular agonists increase [Ca2+]c by two
mechanisms: the release of Ca2+ from intracellular stores and the
entry of extracellular Ca2+ through plasma-membrane channels.
The ER (endoplasmic reticulum) is the most investigated organelle
and probably represents the major Ca2+ store in most cell types.
The ER expresses two different types of Ca2+-release chan-
nels, namely Ins(1,4,5)P3 and ryanodine receptors [5–7]. In
addition, several other cellular organelles also store Ca2+ and act
as physiological agonist-releasable Ca2+ compartments. A num-
ber of studies have provided evidence of the importance of mito-
chondria in cellular Ca2+ homoeostasis [8–11]. In addition, a role
for the nuclear envelope, the Golgi apparatus, secretory granules
and lysosomes has received support [12–15].

In this context, previous studies have reported the presence of a
Ca2+ pool in lysosome-related (acidic) organelles in different cell
types, MDCK (Madin–Darby canine kidney) cells [16], pancreatic
acinar and β-cells [17], and pulmonary arterial smooth-muscle
cells [15]. The acidic Ca2+ store has been presented as the point
of origin of NAADP (nicotinic acid–adenine dinucleotide phos-
phate)-mediated Ca2+ signalling [15,17]. It has been demonstrated
that Ca2+ uptake into acidic organelles is driven by proton gradi-
ents maintained by vacuolar proton pumps (H+-ATPase) [18,19].

Of all the mammalian cell models used for the study of intra-
cellular Ca2+ homoeostasis, human platelets are one of the most

extensively investigated. In these cells, two different isoforms
of SERCA (sarcoplasmic/endoplasmic-reticulum Ca2+-ATPase),
with molecular masses of 100 and 97 kDa, have been shown to
be distributed separately in two distinct Ca2+ stores [20–22]. The
dense tubular system, the equivalent to the ER in other mammalian
cells, has been presented as the main intracellular Ca2+ store in
platelets [23]; however, the nature of the second Ca2+ pool is still
uncertain. The 100 kDa isoform has been identified as SERCA
2b, and is inhibited by low concentrations of TG (thapsigargin)
[21]. In contrast, the 97 kDa isoform, identified as SERCA 3, is in-
hibited only by high concentrations of TG [24,25]. These SERCA
isoforms can also be differentiated by the distinct sensitivity to
TBHQ [2,5-di-(t-butyl)-1,4-hydroquinone], a specific inhibitor of
certain SERCA isoforms, so that SERCA 3, but not SERCA 2b,
is sensitive to TBHQ [26]. In the present study, we investi-
gated the nature of the Ca2+ compartments openable by physio-
logical agonists, such as thrombin, ADP and AVP ([arginine]vaso-
pressin), in human platelets; paying particular attention to the
existence of acidic organelles in these cells.

MATERIAL AND METHODS

Materials

fura 2/AM (fura 2 acetoxymethyl ester), Lysosensor Green DND-
189 and calcein were from Molecular Probes (Leiden, The
Netherlands). Apyrase (grade V), aspirin, thrombin, ADP, AVP,
BSA, ionomycin, bafilomycin A1 (an inhibitor of the vacuolar H+-
ATPase), nigercin (a proton carrier), GPN (glycylphenylalanine 2-
naphthylamide) and TG were from Sigma (Madrid, Spain). TBHQ

Abbreviations used: AVP, [arginine]vasopressin; [Ca2+]c, cytosolic free calcium concentration; ER, endoplasmic reticulum; GPN, glycylphenylalanine
2-naphthylamide; HBS, Hepes-buffered saline; PMCA, plasma-membrane Ca2+ ATPase; SERCA 3, sarcoplasmic/endoplasmic-reticulum Ca2+-ATPase;
TBHQ, 2,5-di-(t-butyl)-1,4-hydroquinone; TG, thapsigargin.
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was from Alexis (Nottingham, U.K.). All other reagents were of
analytical grade.

Platelet preparation

fura 2-loaded human platelets were prepared as described pre-
viously [27], and approved by Local Ethical Committees. Briefly,
blood was obtained with informed consent from healthy volun-
teers and mixed with one-sixth volume of acid/citrate dextrose
anti-coagulant containing (in mM): 85 sodium citrate, 78 citric
acid and 111 D-glucose. Platelet-rich plasma was then prepared
by centrifugation for 5 min at 700 g, and aspirin (100 µM) and
apyrase (40 µg/ml) added. Platelet-rich plasma was incubated at
37 ◦C with 2 µM fura-2/AM for 45 min. Cells were then collected
by centrifugation at 350 g for 20 min and resuspended in HBS
(Hepes-buffered saline) containing (in mM): 145 NaCl, 10 Hepes,
10 D-glucose, 5 KCl, 1 MgSO4, pH 7.45, and supplemented with
0.1% (w/v) BSA and 40 µg/ml apyrase.

Removal of nigericin and bafilomycin A1 to allow refilling
of the acidic Ca2+ stores was performed as described previously
[27]. Briefly, fura 2-loaded platelets were incubated in a Ca2+-
free medium with 10 µM nigericin or 1 µM bafilomycin A1 in
the absence or presence of 20 µM TBHQ for 5 min at 37 ◦C. Cells
were then washed with HBS to remove nigericin or bafilomycin
A1, and resuspended in nominally Ca2+-free HBS, with or
without TBHQ as described above, to be treated with nigericin
or bafilomycin A1 again.

Cell viability

Calcein and Trypan Blue were used to assess cell viability. For
calcein loading, resting cells, or cells treated with inhibitors for the
time indicated, were incubated for 30 min with 5 µM calcein/AM
(calcein acetoyxymethyl ester) at 37 ◦C, centrifuged and the pellet
resuspended in fresh HBS. Fluorescence was recorded in 2 ml
aliquots using a Shimadzu (Kyoto, Japan) spectrophotometer.
Samples were excited at 494 nm and the resulting fluorescence
was measured at 535 nm. The calcein fluorescence remaining in
cells after treatment with inhibitors used was the same as in con-
trols, suggesting that, under our conditions, there was no cellular
damage. The results obtained with calcein were confirmed using
the Trypan Blue exclusion technique; 95 % of cells were viable
after treatment with the inhibitors, similar to results observed in
our resting platelet suspensions.

Measurement of [Ca2+]c

Fluorescence was recorded from 2 ml aliquots of magnetically
stirred cell suspensions (108 cells/ml) at 37 ◦C using a fluorescence
spectrophotometer (Varian Ltd, Madrid, Spain) with excitation
wavelengths of 340 nm and 380 nm, and emission at 505 nm.
Changes in [Ca2+]c were monitored using the fura 2 340 nm/
380 nm fluorescence ratio and calibrated by the method of
Grynkiewicz et al. [28]. TBHQ, thrombin, ADP or AVP-induced
Ca2+ release was estimated using the initial peak [Ca2+]c elevation
above basal after agonist stimulation. Nigericin- and bafilomycin
A1-induced Ca2+ release was estimated using the initial peak
[Ca2+]c elevation above basal, after their addition, and by the
integral of the rise in [Ca2+]c for 1.5 min, after their addition,
taking a sample every second and expressed as nM/s [29].

To compare the rate of decay of [Ca2+]c with basal values, after
treatment of platelets with thrombin, ADP or AVP in the absence
or presence of GPN, we used the constant of the exponential decay
as described previously [30]. Traces were fitted to the equation:

y = A(1 − e−K1T )e−K2T

where K1 and K2 are the constants of the exponential increase and
decay respectively, T is time and A is the span.

Staining of acidic organelles in platelets

Platelet-rich plasma was incubated at 37 ◦C with 100 nM Lyso-
sensor Green DND-189 for 1 h. Cells were then collected by
centrifugation at 350 g for 20 min and resuspended in HBS.
Aliquots of Lysosensor Green-loaded cells were placed on to
a coverslip attached to the bottom of a perfusion chamber on the
stage of a confocal microscope (Nikon Eclipse TE300) using a
×60 oil-immersion objective. Cells were studied with a confocal
laser-scanning system (MRC 1024, Bio-Rad) using a 488 nm laser
line as excitation source and a 515 nm long-pass filter to collect
the emitted fluorescence. Lysosensor Green fluorescence was
quantified using a fluorescence spectrophotometer with an excit-
ation wavelength of 445 nm and an emission wavelength at
505 nm.

Statistical analysis

Analysis of statistical significance was performed using Student’s
t test and only values with P < 0.05 were accepted as significant.

RESULTS AND DISCUSSION

GPN decreases TBHQ- and thrombin-induced Ca2+ release

In human platelets two Ca2+ stores have been described on the
basis of immunolocalization studies [22], different sensitivities to
TG and TBHQ [24–26], and distinct cellular properties [31]. In the
present study we used TBHQ to selectively deplete one of these
stores, which we have previously found to be about five times
smaller, in terms of Ca2+ storage, than the TBHQ-insensitive com-
partment [31]. In order to investigate the nature of the TBHQ-
sensitive store we used inhibitors that selectively abrogate Ca2+

storage into acidic organelles, such as GPN, a substrate of lyso-
somal cathepsin C whose cleavage results in lysis of lysosomes
by osmotic swelling [17,32,33]. Figure 1(A) shows a typical
staining pattern of platelets loaded with Lysosensor Green
DND-189 observed by confocal microscopy. Lysosensor
Green is a fluorescent pH indicator that partitions into acidic or-
ganelles and is highly fluorescent at acidic pH.

Despite the limited resolution of platelets achieved by confocal
microscopy due to their small size, we observed that treatment of
human platelets for 10 min at 37 ◦C with 50 µM GPN decreased
the fluorescence detected in the cells (Figure 1B). However, after
treatment with GPN, some fluorescence still remained in the
platelet preparation and may be emitted by acidic organelles dis-
tinct from lysosomes therefore we have used the term ‘acidic
organelle’ throughout the text to describe the origin of the Lyso-
sensor Green fluorescence. These findings were confirmed by
quantification of the Lysosensor Green-derived fluorescence using
a fluorescence spectrophotometer. Our results revealed that GPN
induces a slow and time-dependent reduction in fluorescence,
reaching a maximum inhibitory effect of 58.6 +− 3.2% after 9 min
of treatment (from 2.9 +− 0.1 arbitrary units at resting conditions
to 1.2 +− 0.1 arbitrary units; Figure 1C; P < 0.05; n = 6), therefore,
platelets contain acidic compartments, including lysosomes and
other organelles.

In order to investigate whether acidic organelles might be a
Ca2+ store we tested the effect of 50 µM GPN on Ca2+ mobiliz-
ation in platelets suspended in a Ca2+-free medium. As shown in
Figure 1(C), GPN induced a slow and small increase in [Ca2+]c

consistent with the slow rate of decrease in Lysosensor Green-
derived fluorescence. GPN induced a maximum increase in
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Figure 1 Effect of GPN on agonist-dependent Ca2+ release from intracellular stores

Resting human platelets (A) or platelets incubated for 10 min at 37◦C in the presence of 50 µM GPN (B) were loaded with Lysosensor Green DND-189 to stain the acidic organelles and fluorescence
was detected using a confocal microscope as described in the Materials and methods section. Images shown are representative of six separate experiments. (C) Human platelets were loaded either
with Lysosensor Green DND-189 (thick line) or with fura 2 (thin line) and then treated with 50 µM GPN as indicated in a Ca2+-free medium. Fluorescence was detected using a fluorescence
spectrophotometer as described in the Materials and methods section. Results shown are representative of four to six experiments, which, in the case of loading with Lysosensor Green, were also
used to obtain the images shown in (A) and (B). (D–G) fura 2-loaded human platelets were incubated for 10 min at 37◦C in the presence of 50 µM GPN or the vehicle (DMSO as control). At the time
of experiment 100 µM EGTA was added. Cells were then stimulated with TBHQ (20 µM; D), thrombin (0.1 unit/ml; E), ADP (10 µM; F), or AVP (0.1 µM; G). Changes in [Ca2+]c were monitored as
described in the Materials and methods section and traces are representative of four to six independent experiments.

[Ca2+]c over basal of 43 +− 5 nM (n = 4). A similar effect using
GPN has been previously reported in endothelial and pancreatic
acinar cells [17,34]. The increase in [Ca2+]c, despite the small size
of this Ca2+ pool, and that SERCA and PMCA (plasma-mem-
brane Ca2+-ATPase) are operative, might be attributed to the slow
release of Ca2+ into the cytosol from the swelling lysosomes. We
have recently described for platelets that the rate of activation of
SERCA and PMCA depends on the rate of increase in [Ca2+]c, so
that at high rates of increase in [Ca2+]c the activation of SERCA
and PMCA is rapid and vice versa [35]. In agreement with this, we
have found that GPN induced a rise in [Ca2+]c that was returned
to basal level after 30 min of stimulation (results not shown).

Treatment of human platelets with 50 µM GPN reduced Ca2+

release induced by TBHQ by 88 +− 5%, suggesting that TBHQ
selectively releases Ca2+ from acidic organelles ([Ca2+]c elevation
above basal was 4 +− 5 nM in the presence of GPN and 44 +− 6 nM
in controls; Figure 1D; n = 6).

We have recently reported that thrombin releases Ca2+

from TBHQ-insensitive and -sensitive compartments in platelets
through the synthesis of different second messengers, Ins(1,4,5)P3

and NAADP respectively; in contrast, ADP and AVP only evoke
Ins(1,4,5)P3-dependent Ca2+ release from the TBHQ-insensitive
store [36,37]. Therefore thrombin is the only agonist of the three
studied that is able to release Ca2+ from the acidic store through
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Figure 2 GPN and TBHQ release Ca2+ from acidic TBHQ-sensitive intracellular stores

(A) fura 2-loaded human platelets were incubated for 10 min at 37◦C in the presence of 50 µM GPN or the vehicle (Control). At the time of experiment 100 µM EGTA was added. Cells were then
stimulated with TG (10 nM). (B and C) fura 2-loaded human platelets were treated in a Ca2+-free medium (100 µM EGTA was added) with 20 µM TBHQ or the vehicle (DMSO), as control, followed
by stimulation with either TG (10 nM; B) or ADP (10 µM; C). (D) Human platelets were stimulated in a Ca2+-free medium (100 µM EGTA was added) with 20 µM TBHQ in the absence (top panel)
or presence of 1 mM LaCl3 (middle and bottom panels). In the bottom panel, cells were treated with 10 nM TG 4 min later. (E) Human platelets were pretreated in a Ca2+-free medium (100 µM
EGTA was added) with 20 µM TBHQ and 30 min later were stimulated with 0.1 unit/ml thrombin. Changes in [Ca2+]c were monitored as described in the Materials and methods section and traces
are representative of four to six independent experiments.

the generation of NAADP [36,37]. Consistent with this finding,
GPN significantly decreased thrombin-induced Ca2+ release by
22.2 +− 3.1%, which is the expected fraction of Ca2+ release
by thrombin-dependent action on the TBHQ-sensitive store
[31,36]. The initial peak [Ca2+]c elevation above basal after
thrombin was significantly reduced from 297 +− 12 to 228 +− 9 nM
(Figure 1E; P < 0.05; n = 6). However, GPN was without effect
on ADP- or AVP-stimulated Ca2+ release (the initial peak [Ca2+]c

elevation was 135 +− 7 and 119 +− 6 nM in controls versus 136 +− 9
and 117 +− 7 nM in the presence of GPN in platelets treated with
ADP or AVP, respectively (see Figures 1F and 1G; n = 6), and
is consistent with the lack of dependence of the TBHQ-sensitive
compartments [36].

GPN had no effect on Ca2+ removal from the cytosol after
platelet stimulation with thrombin, ADP or AVP (the decay con-
stants were 0.0156 +− 0.0005, 0.0174 +− 0.0008 and 0.0168 +−
0.0006 for thrombin, ADP and AVP, respectively, in the pre-
sence of GPN and 0.0159 +− 0.0007, 0.0175 +− 0.0008 and
0.0165 +− 0.0006 for these agonists in the absence of GPN; Fig-
ures 1E–1G; n = 6), which confirms that GPN did not alter the
activity of SERCA or PMCA.

To further assess whether GPN or TBHQ are able to release
Ca2+ from the TBHQ-insensitive Ca2+ store we performed a
series of experiments shown in Figures 2(A)–2(C). Our results
indicate that preincubation with GPN did not alter Ca2+ release in-
duced by a low concentration of TG (10 nM), which has been
shown to selectively inhibit SERCA 2b, the isoform present in
the TBHQ-insensitive pool [21] ([Ca2+]c elevation above basal
evoked by 10 nM TG was 52 +− 7 nM in the presence of GPN and
50 +− 6 nM in controls; Figure 2A; n = 4). In addition, treatment
of platelets with TBHQ (20 µM) did not modify Ca2+ release
induced either by 10 nM TG ([Ca2+]c elevation was 53 +− 5 and
51 +− 6 nM in the absence and presence of TBHQ; Figure 2B;
n = 4) or by 10 µM ADP (the initial peak [Ca2+]c elevation above
basal after ADP was 132 +− 10 and 130 +− 9 nM in the absence and
presence of TBHQ; Figure 2C; n = 4). These findings indicate that
the TBHQ-insensitive store is not an acidic organelle and provide
evidence that TBHQ does not mobilize Ca2+ from the TBHQ-
insensitive Ca2+ compartment.

We have investigated the Ca2+ mobilization induced by TBHQ
in platelets. The acidic organelles are a small and finite Ca2+ store,
and as expected TBHQ induced a transient increase in [Ca2+]c
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(Figure 2D, top panel; n = 4). Since SERCA 3 is inhibited by
TBHQ we have investigated the role of PMCA and SERCA 2b in
the removal of Ca2+ from the cytosol. In the presence of 1 mM
LaCl3, which prevents Ca2+ extrusion mediated by PMCA in
platelets [38], the rate of decay of [Ca2+]c to the basal level was
similar to the control (the decay constants were 0.0038 +− 0.0002
and 0.0036 +− 0.0003 in the absence and presence of LaCl3; Fig-
ure 2D, top and middle panels). In contrast, inhibition of SERCA
2b with 10 nM TG induced a further release of Ca2+ from the
TBHQ-insensitive store, which significantly reduced the rate of
the return of [Ca2+]c to basal levels (the decay constant was
0.0009 +− 0.0001; Figure 2D, bottom panel). These findings sug-
gest that Ca2+ removal from the cytosol after treatment with
TBHQ is mostly mediated by SERCA 2b. These observations
were further confirmed by a similar response to thrombin, of plate-
lets pretreated for 30 min in the absence and presence of TBHQ,
which releases Ca2+ from both stores [36, 37]. If Ca2+ was pumped
out of the cell it would be expected to find some inhibition in
thrombin-induced response (Figure 2E; n = 4). Results shown
in Figure 2(E) support that TBHQ had no effect either on PMCA or
SERCA 2b activities, the main mechanisms responsible for Ca2+

removal after platelet stimulation with thrombin in the presence
of TBHQ.

Effect of nigericin and bafilomycin A1 on Ca2+ release from
intracellular stores

Previous studies have presented acidic compartments as physio-
logical sources of Ca2+. Acidic organelles contain a high Ca2+ con-
centration that is maintained in part by the proton gradient across
their membranes [19,39]. In order to investigate the role of proton
gradients in Ca2+ release in platelets we used nigericin, a pro-
ton carrier, and bafilomycin A1, an inhibitor of the vacuolar H+-
ATPase [40]. We confirmed that nigericin impairs the pH gradient
of acidic organelles by using confocal microscopy to analyse its
effect on the fluorescence of Lysosensor Green DND-189 (Fig-
ures 3A and 3B). Quantification of the Lysosensor Green-derived
fluorescence revealed that nigericin induces a rapid decrease in
the fluorescence intensity, which was reduced by 74.2 +− 6.2%
after 2 min of treatment (from 3.1 +− 0.1 arbitrary units at resting
conditions to 0.8 +− 0.1 arbitrary unit; Figure 3C; n = 6).

During the performance of the experiments, rotenone (10 µM),
an inhibitor of complex I of the respiratory chain that dissipates
the membrane potential [41], was added to the platelet suspension
to release mitochondrial Ca2+ and avoid interference with this
organelle during the use of nigericin. Rotenone did not signifi-
cantly alter Ca2+ release induced by 20 µM TBHQ ([Ca2+]c elev-
ation above basal was 43 +− 5 nM in the presence of rotenone and
46 +− 5 nM in controls) or the physiological agonists thrombin
(0.1 unit/ml), ADP (10 µM) or AVP (0.1 µM) ([Ca2+]c elevation
above basal was 270 +− 17, 130 +− 9 and 117 +− 11 nM in the pres-
ence of rotenone, and 272 +− 15, 137 +− 10 and 125 +− 9 nM in
controls for thrombin, ADP and AVP respectively). These findings
are consistent with the reportedly reduced role of mitochondria in
intracellular Ca2+ homoeostasis in human platelets [38].

As shown in Figure 3(D), treatment of platelets with 20 µM
TBHQ in a Ca2+-free medium induces a small increase in [Ca2+]c,
reaching a maximum [Ca2+]c elevation above basal of 41 +− 6 nM;
subsequent addition of nigericin (10 µM) was unable to release
further Ca2+ from the acidic compartment. This finding suggests
that nigericin releases Ca2+ from TBHQ-sensitive stores and con-
firms that TBHQ releases Ca2+ from acidic stores. We conducted
converse experiments where cells were treated with nigericin
prior to stimulation with TBHQ. As shown in Figure 3(E), platelet
treatment with nigericin induced a rapid and transient increase

in [Ca2+]c, the initial peak [Ca2+]c elevation above basal being
41 +− 5 nM. The integral of the rise in [Ca2+]c above basal for
1.5 min after the addition of nigericin, taking data every 1 s, was
1752 +− 260 nM · s−1. Subsequent addition of TBHQ, once [Ca2+]c

had returned to basal levels, induced an increase in [Ca2+]c that
was found to be identical with that observed in the absence of
prior treatment with nigericin (TBHQ-induced [Ca2+]c elevation
above basal was 40 +− 4 nM; Figure 3E). To further investigate
whether TBHQ and nigericin release Ca2+ from the same
compartment, platelets were stimulated in a Ca2+-free medium,
with a combination of both agents. As shown in Figure 3(F)
Ca2+ release, induced by treatment of platelets with TBHQ in
combination with nigericin, was similar to that induced by
TBHQ alone ([Ca2+]c elevation above basal induced by TBHQ +
nigericin was 39 +− 6 nM; Figure 3F).

The results shown suggest that nigericin and TBHQ release
Ca2+ from the same Ca2+ compartment, since TBHQ abolishes the
response to nigericin. However, TBHQ induces a similar release of
Ca2+ in the absence or presence of nigericin, which suggests that
either TBHQ does not release Ca2+ from the acidic compartment,
which is not supported by the results presented in Figures 3(D)
and 3(F), or SERCA 3 is refilling the acidic stores after treatment
with nigericin. To investigate this possibility, 10 µM nigericin was
added to platelets suspended in a Ca2+-free medium, and then re-
moved, to allow platelets to recover the proton gradient in the
acidic organelles. Subsequent addition of nigericin induced a rise
in [Ca2+]c that was comparable with that obtained in control con-
ditions (Figure 3G, top panel; the initial peak [Ca2+]c elevation
above basal was 40 +− 4 nM). When the experiments were per-
formed in the presence of 20 µM TBHQ the second addition of
nigericin resulted in a significantly smaller increase in [Ca2+]c

(Figure 3G, bottom panel; the initial peak [Ca2+]c elevation above
basal was 12 +− 3 nM and the integral of the rise in [Ca2+]c

above basal for 1.5 min after the addition of nigericin, taking
data every 1 s, was 392 +− 80 nM · s−1). These findings suggest
that, after depletion of the acidic stores by disruption of the
proton gradient, these stores are refilled by a mechanism partially
dependent on SERCA 3 activity. Partial refilling of the acidic
pool when SERCA 3 is inhibited by TBHQ might be mediated
by Ca2+–H+ exchange, activated by the restored proton gradient
as previously described [42,43], although this seems to be less
effective than SERCA 3 in platelets.

The refilling of the acidic stores after treatment with nigericin
is demonstrated further by the results showed in Figure 3(H).
Our results demonstrate that GPN, which induces lysosome lysis,
causes an increase in [Ca2+]c after platelet treatment with niger-
icin, confirming that lysosomal related stores were refilled. The
effect of GPN was impaired by treatment with TBHQ, which
offers further support that GPN and TBHQ release Ca2+ from the
nigericin-releasable stores and for the role of SERCA 3 in store
refilling after disruption of the proton gradient.

In the presence of rotenone (Figure 4A), treatment of platelets
in a Ca2+-free medium with thrombin (0.1 unit/ml) significantly
reduces Ca2+ release by nigericin by 44 +− 2% (the initial peak
[Ca2+]c elevation above basal was 23 +− 4 nM and the integral of
the rise in [Ca2+]c above basal for 1.5 min after the addition of nig-
ericin, taking data every 1 s, was 948 +− 189 nM · s−1; P < 0.05;
n = 6). The lack of complete inhibition of nigericin-induced Ca2+

mobilization by thrombin can be explain by the activity of SERCA
during platelet activation with thrombin, which might reload, at
least partially, the TBHQ-sensitive store. Alternatively, thrombin
at 0.1 unit/ml might be unable to fully deplete the acidic store. On
the other hand, platelet treatment with ADP or AVP did not modify
nigericin-induced Ca2+ mobilization (the mean initial peak [Ca2+]c

elevation above basal was 40 +− 5 nM and the integral of the rise
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Figure 3 Effect of nigericin on TBHQ-induced Ca2+ release in human platelets

Resting human platelets (A) or platelets treated for 4 min at 37◦C with 10 µM nigericin (B) were loaded with Lysosensor Green DND-189 to stain the acidic organelles. Fluorescence was detected
using a confocal microscope as described in the Materials and methods section. Images shown are representative of six separate experiments. (C) Human platelets were loaded with Lysosensor
Green DND-189 and then 10 µM nigericin was added to the suspension. Fluorescence was detected using a fluorescence spectrophotometer as described in the Materials and methods section.
Results shown are representative of six experiments also used to obtain the images shown in (A) and (B). (D) fura 2-loaded human platelets, suspended in a Ca2+-free medium (100 µM EGTA
was added at the time of experiment), were treated with rotenone (10 µM) and 4 min later TBHQ (20 µM) was added to release Ca2+ from the stores. Nigericin (10 µM) was added to the platelet
suspension 4 min later. (E) fura 2-loaded human platelets were treated with rotenone (10 µM) in a Ca2+-free medium (100 µM EGTA was added) and 4 min later nigericin (10 µM) was added.
TBHQ (20 µM) was added to the platelet suspension 4 min later to discharge the stores. (F) Human platelets were suspended in a Ca2+-free medium (100 µM EGTA was added), treated with roten-
one (10 µM), and 4 min later TBHQ (20 µM) combined with nigericin (10 µM) were added. (G) Cells, suspended in a Ca2+-free medium (100 µM EGTA was added), were pre-treated with rotenone
(10 µM) followed by 10 µM nigericin alone (top panel) or in combination with 20 µM TBHQ (bottom panel). Nigericin was removed (where shown by the break in the trace) as described in
the Materials and methods section, cells were suspended in nominally Ca2+-free HBS and stimulated again with 10 µM nigericin. (H) Human platelets were suspended in a Ca2+-free medium
(100 µM EGTA was added) and pre-treated with rotenone (10 µM). Cells were then stimulated with nigericin (10 µM) and 1.5 min later treated with either 50 µM GPN (top panel) or 20 µM TBHQ
followed by addition of GPN 2 min later (bottom panel). Changes in [Ca2+]c were monitored as described in the Materials and methods section and traces are representative of six independent
experiments.
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Figure 4 Effect of nigericin on agonist-stimulated Ca2+ release in human platelets

(A–C) fura 2-loaded human platelets, suspended in a Ca2+-free medium (100 µM EGTA was added at the time of experiment), were treated with rotenone (10 µM) and 4 min later cells were
stimulated either with thrombin (0.1 unit/ml; A), ADP (10 µM; B) or AVP (0.1 µM; C). Nigericin (10 µM) was added to the platelet suspension 4 min later. (D–F) fura 2-loaded human platelets
were treated with rotenone (10 µM) in a Ca2+-free medium (100 µM EGTA was added) and 4 min later nigericin (10 µM) was added. After 4 min, cells were stimulated either with thrombin
(0.1 unit/ml; D), ADP (10 µM; E) or AVP (0.1 µM; F) to discharge the stores. Changes in [Ca2+]c were monitored as described in the Materials and methods section. Traces are representative of six
independent experiments.

in [Ca2+]c above basal for 1.5 min after the addition of nigericin,
taking data every 1 s, was 1802 +− 204 nM · s−1; Figures 4B and
4C). These results support our previous observations [36,37]. As
observed with TBHQ, Ca2+ release by treatment of platelets with
thrombin after nigericin was identical with that observed in the
absence of nigericin (compare Figure 4D with Figure 4A). The ini-
tial peak [Ca2+]c elevation above basal after thrombin was 292 +−
11 nM (Figure 1E; n = 6). These observations suggest that
released Ca2+ was returned back into the acidic organelles before
stimulation with thrombin. As expected, no effect of nigericin on
ADP or AVP-induced Ca2+ release was detected ([Ca2+]c elevation
above basal was 134 +− 10 and 122 +− 8 nM; Figures 4E and 4F;
n = 6).

To further investigate whether nigericin was indeed acting at
the acidic organelles, we also used bafilomycin A1, an inhibitor
of the vacuolar H+-ATPase responsible for the proton gradient
[17,40]. This gradient is involved in Ca2+ uptake into the ‘acidic
organelles’ [17]. Under our conditions, bafilomycin A1 (1 µM)
impaired the pH gradient in acidic compartments, as observed by
confocal microscopy in platelets loaded with the fluorescent mar-
ker Lysosensor Green DND 189 (compare Figures 5A and 5B).

Quantification of the Lysosensor Green-derived fluorescence
revealed that, as for nigericin, bafilomycin A1 induces a rapid de-
crease in the fluorescence intensity that was reduced by 71.3 +−
5.2% after 2 min of treatment (from 3.0 +− 0.1 arbitrary units
at resting state to 0.86 +− 0.1 arbitrary unit; Figure 5C; n = 6). As
shown in Figure 5(D), treatment of platelets in a Ca2+-free medium
with 20 µM TBHQ induces a sustained increase in [Ca2+]c; the
subsequent addition of bafilomycin A1 (1 µM) had no effect on
[Ca2+]c, suggesting that TBHQ depleted the acidic stores. As ob-
served using nigericin, platelet treatment with bafilomycin A1
induced a rapid and transient increase in [Ca2+]c, the initial peak
[Ca2+]c elevation above basal was 30 +− 3 nM. The integral of the
rise in [Ca2+]c above basal for 1.5 min after the addition of bafilo-
mycin A1, taking data every 1 s, was 1301 +− 198 nM · s−1. Ad-
dition of TBHQ once [Ca2+]c had returned to basal levels induced
an increase in [Ca2+]c similar to that observed in the absence of
bafilomycin A1 (TBHQ-induced [Ca2+]c elevation above basal
was 43 +− 4 nM in the presence of bafilomycin A1 and 47 +− 6 nM
in control; compare Figure 5E with 5D; n = 6). As with nigericin,
we further investigated whether the lack of an effect following
treatment with bafilomycin on the subsequent TBHQ-induced
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Figure 5 Effect of bafilomycin A1 on TBHQ-induced Ca2+ release in human platelets

Resting human platelets (A) or platelets treated for 4 min at 37◦C with 1 µM bafilomycin A1 (B) were loaded with Lysosensor Green DND-189 to stain the acidic organelles; fluorescence was detected
using a confocal microscope, as described in the Materials and methods section. Images shown are representative of six separate experiments. (C) Human platelets were loaded with Lysosensor
Green DND-189 and then 1 µM bafilomycin A1 was added to the suspension. Fluorescence was detected using a fluorescence spectrophotometer as described in the Materials and methods section.
Results shown are representative of six experiments also used to obtain the images shown in (A) and (B). (D) fura 2-loaded human platelets, suspended in a Ca2+-free medium (100 µM EGTA was
added at the time of experiment), were treated with TBHQ (20 µM) to release Ca2+ from the stores and 4 min later bafilomycin A1 (1 µM) was added to the platelet suspension. (E) fura 2-loaded
human platelets, suspended in a Ca2+-free medium (100 µM EGTA was added at the time of experiment), were treated with bafilomycin A1 (1 µM) and 4 min later TBHQ (20 µM) was added to the
platelet suspension. (F) Cells, suspended in a Ca2+-free medium (100 µM EGTA was added), were treated with 1 µM bafilomycin A1 alone (top panel) or in combination with 20 µM TBHQ (bottom
panel). Bafilomycin A1 was removed (shown by a break in the trace) as described in the Materials and methods section, and platelets were suspended in nominally Ca2+-free HBS and stimulated
again with 1 µM bafilomycin A1. (G) Human platelets, suspended in a Ca2+-free medium (100 µM EGTA was added), were treated with 1 µM bafilomycin A1 and 1.5 min later treated with either
50 µM GPN (top panel) or 20 µM TBHQ, followed by addition of GPN 2 min later (bottom panel). Changes in [Ca2+]c were monitored as described in the Materials and methods section. Traces are
representative of six independent experiments.

Ca2+ mobilization was due to refilling of the acidic store. Con-
sistent with the results obtained for nigericin, after depletion of
the acidic stores using bafilomycin A1, the stores are refilled by

a mechanism mainly dependent on SERCA 3. Thus removal of ba-
filomycin A1 from the cell suspension, in order to allow platelets
to restore the proton gradient, and subsequent stimulation with
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Figure 6 Effect of bafilomycin A1 on thrombin-stimulated Ca2+ release in
human platelets

(A) fura 2-loaded human platelets were stimulated with thrombin (0.1 unit/ml) in a Ca2+-free
medium (100 µM EGTA was added at the time of experiment) and 4 min later bafilomycin A1
(1 µM) was added to the platelet suspension. (B) fura 2-loaded human platelets, suspended
in a Ca2+-free medium (100 µM EGTA was added at the time of experiment), were treated
with bafilomycin A1 (1 µM) and 4 min later thrombin (0.1 unit/ml) was added to the platelet
suspension. Changes in [Ca2+]c were monitored as described in the Materials and methods
section. Traces are representative of six independent experiments.

bafilomycin A1 shows a similar increase in [Ca2+]c as shown in
Figure 5(F) (the initial peak [Ca2+]c elevation above basal was
36 +− 3 nM in the first treatment and 34 +− 4 nM in the second ad-
dition of bafilomycin A1). As observed following treatment
with nigericin, addition of 50 µM GPN, after bafilomycin A1,
resulted in an elevation in [Ca2+]c similar to that found under con-
trol conditions (Figure 5G, top panel; the [Ca2+]c elevation above
basal was 42 +− 4 nM). Refilling of the acidic stores was prevented
in the presence of TBHQ (Figures 5F and 5G, bottom panels).

Finally, treatment of platelets in a Ca2+-free medium with
thrombin (0.1 unit/ml) significantly decreases Ca2+ release in-
duced by bafilomycin A1 by 37 +− 5% (after treatment with
thrombin, bafilomycin A1 induced an initial peak [Ca2+]c elev-
ation above basal of only 19 +− 3 nM, the integral of the rise in
[Ca2+]c above basal was 799 +− 128 nM · s−1; Figure 6A; P < 0.05;
n = 6). In contrast, treatment with bafilomycin A1 did not modify
Ca2+ release by thrombin ([Ca2+]c elevation above basal 267 +−
12 nM in the presence of bafilomycin A1 and 271 +− 11 nM in con-
trols; compare Figure 6B with Figure 6A; n = 6), which further
supports the notion that Ca2+ released by bafilomycin A1 is taken
up again by the acidic store by a mechanism mainly dependent
on SERCA 3.

Store overlapping has been described in different cell types,
such as pancreatic acinar cells, where reloading of the ER or
the nuclear envelope is based on the activity of SERCA, and that
of the luminal Ca2+ compartments depends solely on the pH gradi-
ent generated by the vacuolar H+-ATPase [12,39,44]. In the latter
case, treatment with nigericin has been shown to induce a sus-
tained increase in [Ca2+]c as the driving force that maintains Ca2+

accumulated into the acidic organelles is dissipated [19,45]. A
similar effect has been observed in other cell types, such as macro-
phages [46]. However, our results indicate for the first time that
the acidic Ca2+ pool in platelets is regulated by two mechanisms:
SERCA 3 and the proton gradient, such that elimination of this
gradient by nigericin or bafilomycin A1 or inhibition of SERCA
3 by TBHQ results in discharge of the acidic store. In both mech-
anisms, SERCA 3 and the proton gradient, work together and co-
operate in the accumulation of Ca2+ into the acidic organelles.

Our findings support the universality of the existence of phys-
iological intracellular Ca2+ stores in acidic organelles. In human
platelets this Ca2+ pool is mainly a lysosomal store, although
our results do not rule out the possibility that other acidic organ-
elles, such as dense granules [43], are also physiological acidic
Ca2+ stores. The existence of separate Ca2+ pools, whose Ca2+

concentration might be differentially regulated, by either Ca2+- or
vacuolar H+-ATPases, is essential for the great variability in
spatiotemporal Ca2+ signals that precisely regulate a wide variety
of cellular functions.
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