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Refilling of endothelial calcium stores without bypassing the cytosol 
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The present study was undertaken to define the route of CaZ+ used for refilling of intracellular Ca If stores in endothelial cells. CaZ+ stores, after 
emptying with bradykinin in Ca 2+ free solution and termination of the stimulation with the bradykinin antagonist, Hoe 140, were allowed to refill 
by addition of Ca2+. Refilling was prevented by 2,5-di(rert-butyl)-1,4-benzohydroquinone (BuBHQ), an inhibitor of microsomal CaZ’ sequestration. 
BuBHQ induced large increases in the cytosolic Ca2+ concentration during the refilling phase. This finding is not compatible with a model proposing 

Ca*+ uptake into the stores directly from the extracellular space but provides evidence for uptake from the cytosolic compartment. 

Endothelial cell; Intracellular CaZ+ store; Calcium uptake inhibition; 2,.5-Di(terr-butyl)-1,4-benzohydroquinone 

1. INTRODUCTION 

Sustained elevations in the cytosolic free calcium con- 
centration in non-excitable cells require the presence of 
extracellular Ca2 + but the mechanisms by which Ca2 + e 
enters the cytosol are not clear. It has been proposed 
that Ca2+ e is used for continuous refilling of in- 
tracellular Ca2 + stores via a route bypassing the cytosol 
and raises [Ca2+], indirectly, after discharge from the 
stores by second messengers [ 11. Tentative evidence for 
this view has been presented in parotid acinar cells [2] 
and appears possible in endothelial cells [3,4]. In the lat- 
ter studies, Mn2 + was used as a probe for Ca2+ entry. 
Although the cellular handling of Mn2+ was similar to 
that of Ca2 + , it was not identical [4]. Thus the ex- 
perimental limitations prohibited using the data to 
resolve the route by which Ca2+ enters the cell. 

In the present study, we followed a different ap- 
proach. We applied BuBHQ, an inhibitor of 
microsomal Ca2 + sequestration (51, to endothelial cells 
and measured the cytosolic Ca2 + concentration during 
the refilling phase of intracellular Ca’ ’ stores, after the 
end of a stimulation with the Ca2+ mobilizing agonist 
bradykinin. If Ca2 + uptake occurred directly from the 
extracellular space, no effect of BuBHQ on the Ca2+ 
concentration within the cytosolic comp~tment would 
be expected. However, we observed large increases in 
[Ca2+lC, indicating that refilling of endothelial Ca*’ 
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stores is accomplished by uptake of Ca2+ from the 
cytosol. 

2. EXPERIMENTAL 

Endothelial cells from porcine aorta were kept in culture and grown 
on quartz coverslips. They were loaded with the fluorescent [Ca’+ lc 
indicator indo-l by incubation (37’C, 90 min) with the pentaacetox- 
ymethylester of indo-l (1 PM) in the presence of the detergent 
pluronic F-127 (0.025% w/v). Fluorescence was measured at 35°C in 
a fluorometer (Schoeffel RRS 1000). The signals were digitized and 
stored in a computer at a rate of 4/s. [Ca2’], was calculated from the 
ratio of the fluorescence intensities emitted at 400 nm and 450 nm (ex- 
citation 350 nm) [6]. Further details of the method have been recently 
described [7,8]. 

3. RESULTS AND DISCUSSION 

Effects of BuBHQ on the cytosolic free calcium con- 
centration in endothelial cells are shown in Fig. 1. It 
evoked increases in [Ca’+ Jc preferentially in cells 
prestimulated with receptor-dependent agonists such as 
bradykinin but also in resting cells and even in the 
absence of extracellular Ca2+. It did not accelerate the 
quenching of cytosolic indo-l by entry of extracellular 
Mn2 + by which transmembrane influx of Ca2 ’ can be 
assessed 191. These results indicate that BuBHQ elevates 
]Ca2 + lc as the consequence of a redistribution of Ca2 + 
from internal stores to the cytosol. Therefore we 
designed a protocol (Fig. 2) to test the hypothesis that 
BuBHQ specifically interferes with the uptake of Ca2 ’ 
into internal stores in endothelial cells and that BuBHQ 
may be used to define the route by which Ca2 + reaches 
these stores. 

Internal Ca”‘stores were emptied by bradykinin in 
the absence of Ca2 + e. Stimulation with bradykinin was 
terminated by addition of Hoe 140, a competitive an- 
tagonist of bradykinin B2 receptors that inhibits the ef- 
fects of bradykinin (10 nM) on [Ca’+]= and EDRF for- 
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Fig. 1. Effects of BuBHQ on cytosolic free calcium in endothelial 
cells. (a and b) Effects on [Ca2’], in cells prestimulated with 
bradykinin (Bk) and in resting cells (c) Effects on the quenching of 
fluorescence (at 450 nm, the isosbestic wavelength for Ca’+) of in- 
tracellular indo-l by extracellular Mn2+ (50 pM), an indirect measure 
of Ca2 + entry. The experiments were performed in the presence of 1 
mM extracellular Ca’ + . Drugs were added to the cells at the time in- 

dicated by the arrows. 

mation, with an ICs0 of 0.9 nM (unpublished results 
from this laboratory). Thereafter, Ca2+ stores were 
reloaded by addition of Ca2 + e. Finally, after chelation 
of Ca2+, with EGTA, the fullness of the stores was 
assessed by application of ATP that, like bradykinin 
[lo], stimulates phospholipase C and the production of 
inositol phosphates [ 1 I]. 

In the absence of BuBHQ (control, Fig. 2a), there 
was only a small increase in [Ca’+], during the refilling 
phase and refilling appeared complete because the 
response to ATP was not different from that in other 
cell preparations not previously exposed to bradykinin 
(Fig. 2~). After preincubation with BuBHQ (Fig. 2b), 
restitution of Ca2+, after emptying the stores induced 
large elevations of [Ca2+], but the effects of ATP were 
almost completely abolished. A summary of these ex- 
periments is presented in Fig. 2e. The level of [Ca2+], 
before ATP stimulation was higher in some BuBHQ- 
treated than in control cells, yet Fig. 2d shows that ATP 
induces increases in [Ca2 ‘lc from such a level, provided 
the internal Ca2+ stores have not been emptied. 

These experiments demonstrate that BuBHQ 
prevents the refilling of Ca2+ stores, most likely located 
within the endoplasmic reticulum. The marked ac- 
cumulation of Ca2+ within the cytosol during inhibi- 
tion of re-uptake provides evidence for a model explain- 
ing refilling of Ca2 + stores by transmembrane influx of 
Ca2 + into the cytosol and simultaneous uptake from 
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Fig. 2. Effects of BuBHQ on refilling of endothelial Ca2’ stores (a) 
Control. The protocol involved three steps. (i) Emptying of the inter- 
nal Ca’+ stores by stimulation with bradykinin (Bk, 10 nM, 90 s) in 
Ca2+ free solution. Bk stimulation was terminated by application of 
the competitive Bk-antagonist, Hoe 140 (1 pM). (ii) Refilling of Ca2+ 
stores by addition of Ca2+ (1 mM). (iii) Assessment of the fullness of 
the stores by application of ATP (10 PM) after chelation of Ca2+, 
with EGTA (1.5 mM). (b) Same protocol as in (a) but in the presence 
of BuBHQ (3 pM, preincubation 90 s). (c and d) Effects of ATP (10 
PM) on [Ca2+Jc in control cells and in cells prestimulated (40 s) with 
bradykinin (10 nM), in Ca2+ free medium. (e) Summary of ex- 
periments performed with the protocol of (a) and(b) (n = 12 for each 
protocol). Left: [Ca2 ‘lc before and maximal [Ca2 ‘lc (+ SD) during 
the refilling period (addition of Ca2+), in the absence (control, open 
colums) and presence (hatched colums) and presence (hatched col- 
umns) of BuBHQ. Right: [Ca2+], before and peak [Ca’+], during 
stimulation with ATP, after refilling of Ca2+ stores had been 
allowed. The asterisks denote significant (P<O.Ol, Wilcoxon 

matched-pair signed rank test) differences. 

this cellular compartment. In contrast, the results argue 
strongly against the hypothesis that Ca2+ stores are 
refilled via direct communication between the ex- 
tracellular space and the endoplasmic reticulum. 

For this interpretation, it is crucial to exclude an 
InsP3-like action of BuBHQ, i.e. enhancement of Ca2+ 
efflux from internal stores. Fig. 3a shows that after ex- 
posure to BuBHQ for 8 min in Ca2+ free solution, the 
endothelial [Ca2+lc-response to ATP was well preserv- 
ed. In further experiments with the same protocol, ATP 
induced increases in [Ca’+], from 64k 19 (SD) nM to 
360 -+ 30 nM in the absence of BuBHQ (n = 7) and to 
340+ 4.5 nM in BuBHQ-treated cell preparations 
(n = 7). 

Therefore, mobilization of Ca2 + does not account 
for the effects of BuBHQ. The small increase in [Ca2+], 
in response to BuBHQ may be explained by an interrup- 
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Fig. 3. Effects of BuBHQ on mobilization of Ca2+ from intracellular 
stores. Endothelial cells prein~ubated with BuBHQ for 8 min in Ca2+ 
free solution were either (a) stimulated with ATP (10 FM) or (b) ex- 

posed to CaZt (1 mM). 

tion of the continuous cycling of Ca2 + between the 
stores and the cytosol. The rate of this cycling appears 
small in comparison to the Ca2+ movements in the 
presence of bradykinin. 

Furthermore, Fig. 3b shows that addition of Ca2+, 
during incubation with BuBHQ alone induced far 
smaller elevations in [Ca2’], (by 130+23 nM) than 
observed after preincubation with BuBHQ and a tran- 
sient stimulation with bradykinin (increase in [Ca2’lC 
by 264k 110 nM; Fig. 2). Hence, effects of BuBHQ 
cannot be attributed to inhibition of transmembrane 
Ca2 + extrusion. Moreover, the findings confirm 
previous reports that Ca2+ influx is determined by the 
status of internal Ca2+ stores [3,12-141 and does not 
necessarily require the presence of agonists. The ques- 
tion arises how the endoplasmic reticulum controls 
Ca2+ influx, particularly under experimental condi- 
tions where levels of second messengers, formed after 
occupation of membrane receptors, are presumably not 
elevated. The simplest explanation 1151, that the [Ca2 + 1 
inside the Ca2 + stores controls a direct Ca2 ’ pathway 
into the store is in clear contradiction with the present 
study. Plausible is a recently proposed model [16]: in 
response to [Ca’ + ] within the endoplasmic reticulum, 
an endoplasmic protein (probably the InsP3 receptor) 
would bind to, or dissociate from, a membrane Cat+ 

pore or carrier (additionally being the InsP4 receptor), 
thereby inhibiting, or allowing, Ca2’ entry. 
Previously, the route of Ca2 + during refilling of stores 
has been analyzed either by introduction of Ca2 + 
chelators into the cytosol [17] or by quenching of 
cytosolic fluorochromes with Mn* + [3,4,17]. One may 
argue that Ca2 + chelators are a Ca2 + sink capable of 
enhancing Ca2 + efflux from the endoplasmic 
reticulum, whereas the cellular handling of Mn2+ ap- 
pears similar but not identical to that pf Ca2+ [4]. 
BuBHQ, on the other hand, allows the demonstration 
of the central importance of Ca2+ uptake from the 
cytosol for refilling of Ca2 + stores in endotheli~ cells, 
which may be a general model for other non-excitable 
cell types. 
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