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Abstract Bleb formation is an early event of cellular damage observed in a variety of cell types upon hypoxia.
Although we previously found that the [Ca21 ]i rise before bleb formation only at the same loci of HUVECs upon
hypoxia (localized [Ca21 ]i rise), the mode of the [Ca21 ]i rise remains ill-defined. In order to clarify the mechanisms
causing the localized [Ca21 ]i rise in hypoxia challenged HUVECs, we studied the effects of several Ca21 channel
blockers or a Ca21 chelator, EGTA, which reduces extracellular Ca21 concentration on the hypoxia-induced localized
[Ca21 ]i rise and bleb formation by employing a confocal laser scanning microscopy (CLSM). After the initiation of
hypoxia, [Ca21 ]i rose gradually in a localized fashion up to 15 min, which was associated with bleb formation at the
same loci. The maximal [Ca21 ]i rise was 435 6 84 nM at the loci of bleb formation. Ca21 channel blockers including
Ni21 (non-specific, 1 mM), nifedipine (L type, 10 mM), nicardipine (L 1 T type, 10 mM), and cilnidipine (L 1 N type,
10 mM) did not inhibit either the localized [Ca21 ]i rise or bleb formation. Although both the localized [Ca21 ]i rise and
bleb formation were inhibited by lowering extracellular Ca21 concentration below 100 nM, a diffuse [Ca21 ]i rise
through the cytoplasm remained without bleb formation, which was inhibited by a phospholipase C (PLC) inhibitor,
U73122. In conclusion, hypoxia causes both the Ca21 mobilization and the Ca21 influx in HUVECs and the Ca21

influx through unknown Ca21 channels is responsible for the localized [Ca21 ]i rise integral to bleb formation. J. Cell.
Biochem. 78:458–464, 2000. © 2000 Wiley-Liss, Inc.
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During hypoxic injury, bleb formation, small
protrusion of the plasma membrane, is consid-
ered as an early evidence of cellular damage in
many cell types [Jewell et al., 1982; Jurkowitz-
Alexander et al., 1992; Smith et al., 1992; John-
son et al., 1994]. A lot of reports implicated that
the cytosolic free calcium ([Ca21 ]i) plays an
important role to cause cellular damage and
cell death. In HUVECs, we have shown that
hypoxia causes the [Ca21 ]i rise only in the
small area of the cytoplasm (localized [Ca21 ]i
rise), which can be clearly identified from the
other part of the cytoplasm in a fluo-3 fluores-
cence image. The “localized [Ca21 ]i rise” was
followed by bleb formation at the same loci,
suggesting the close relationships between the

localized [Ca21 ]i rise and bleb formation
[Ikeda et al., 1998]. Several groups reported
that the removal of extracellular Ca21 or the
Ca21 influx inhibition by Ca21 channel block-
ers suppresses bleb formation and the rise of
[Ca21]i, which supports the concept that
[Ca21]i has a pivotal role in this process [Jewell
et al., 1982; Greeraerts et al., 1991; Arnould et
al., 1992].

However, the exact mechanisms to cause the
localized [Ca21 ]i rise is not fully understood. It
is important to elucidate the mechanisms, not
only because ECs are located at the blood tis-
sue interface and maintain blood flow by se-
creting a number of vasodilators and sub-
stances which inhibit neutrophil adherence
and platelet aggregation, but also because the
dysfunction of ECs during hypoxia might cause
the dysfunction of organs while transplanta-
tion or organ ischemia through the deteriora-
tion of microcirculation.
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The developments of a digital imaging mi-
croscopy and fluorescent Ca21 indicators have
enabled us to observe [Ca21]i in individual cells
and the existence of Ca21 gradients inside cells
has been reported [Williams et al., 1985;
Burnier et al., 1994; Hernandez-Curz et al.,
1990; Yelamarty et al., 1990; Geiger et al.,
1992; Nakato et al., 1992; Wahl et al., 1992].
Ca21 gradients in cytosol suggest the role of
subcellular organelles linked to their localized
physiological function [Williams et al., 1985;
Yelamarty et al., 1990; Bellomo et al., 1992;
Burnier et al., 1994]. We also found that the
localized [Ca21]i rise proceeding to bleb forma-
tion at the same loci [Ikeda et al., 1998]. These
observations have suggested the rise in [Ca21]i
is the initial cellular response in morphological
changes including bleb formation induced by
hypoxia. Therefore, it is important to under-
stand the mechanisms to cause the [Ca21]i rise,
while discussing the hypoxia-induced cellular
injury. In this study, we analyzed the effects of
several reagents to abolish the localized [Ca21]i
rise and bleb formation and found the existence
of the Ca21 mobilization from the Ca21 storage
sites in the hypoxia stimulated HUVECs.

MATERIALS AND METHODS

Materials

Penicillin-streptomycin was purchased from
Life Technologies Inc. (Grand Island, NY).
Fluo-3 acetoxymethyl ester (AM) was pur-
chased from Molecular Probes (Eugene, OR).
Cremophor EL, EGTA (ethylene glycol bis[b-
aminoethylether]-N,N,N9,N9-tetraacetic acid)
and NiCl2 were purchased from Nacalai
Tesque (Kyoto, Japan), and digitonin was pur-
chased from Wako Pure Chemical Industries
(Osaka, Japan). Nifedipine, nicardipine hydro-
chloride, and U-73122 were purchased from
Research Biochemicals International (Natick,
MA). Cilnidipine was purchased from Fuji Re-
bio (Tokyo, Japan). Other chemicals were of the
highest analytical grade available.

Cell Culture and Dye Loading

HUVECs were obtained from human umbil-
ical veins as previously described [Ikeda et al.,
1998]. HUVECs were cultured in MCDB 131
containing 10% FBS, 100 U/ml penicillin,
100 mg/ml streptomycin and 10 ng/ml b-FGF in
a 37°C humidified atmosphere of 5% CO2 and
95% air. HUVECs were fed every 1–2 days

with a complete change of fresh cultured me-
dium. HUVECs were used between at the pas-
sage 5 and 8. The experiments were performed
at the time when the confluent monolayer was
formed. HUVECs grown on 24 3 24 mm glass
coverslips were loaded with fluo-3 AM as de-
scribed previously [Ikeda et al., 1998]. In brief,
after HUVECs were washed twice with modi-
fied HEPES Tyrode’s buffer (MHTB; 129 mM
NaCl, 8.9 mM NaHCO3, 0.8 mM KH2PO4, 0.8
mM MgCl2, 5.6 mM dextrose and 10 mM
HEPES, pH 7.4), HUVECs were incubated in
the presence of 10 mM fluo-3 AM for 45 min at
37°C. All experiments were performed in less
than 90 min and no difference was observed in
the results with passage numbers.

[Ca21]i Imaging

The digital imaging was carried out as de-
scribed previously [Burnier et al., 1994] with
some modifications. A confocal laser scanning
microscopy system (CLSM) equipped with an
argon-ion laser (Carl Zeiss Microscope Systems
LSM 410, Oberkochen, Germany) was em-
ployed in this study. A 488 nm laser light was
used for excitation; emitted light was collected
through a FT510 dichroic beam splitter and
finally passed through a 515 nm long pass fil-
ter. A 403 oil-immersion objective (Plan-
neofluar, numerical aperture 5 1.3) was used.
The focal depth of the optical section was ad-
justed to 0.6 mm by the size of the aperture
pinhole in the emission pathway, which is suf-
ficiently small to obtain a fluorescence inten-
sity (F) independently of the thickness of the
specimen. The images acquired by a photo mul-
tiplier tube (PMT) detector were averaged
eight times in real time to reduce noises, and
the average was digitalized to 256 gray levels
with an analog to digital converter. It takes
8.64 s to acquire one image consisting of 512 3
512 pixels. The sensitivity of the system for
[Ca21]i was confirmed by in vivo calibration
curve [Ikeda et al., 1996b]. In each experiment,
the calibration of [Ca21]i was carried out by the
method described by Gillo et al. [1993]. Briefly,
at the end of each experiment, 25 mM digitonin
was added to obtain a maximal fluorescence
(Fmax), followed by the addition of 10 mM
EGTA to obtain a minimal fluorescence (Fmin),
[Ca21]i was calculated using the equation
[Ca21]i 5 Kd 3 (F–Fmin)/(Fmax–F), where Kd is
the dissociation constant for Ca21-bound fluo-3
at 320 nM.
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The Hypoxic Chamber and the Perfusion System

We originally produced the parallel-plate
flow chamber and the flow circuit of hypoxic
perfusion system [Ikeda et al., 1998]. Briefly,
MHTB containing 1 mM CaCl2 was immersed
in 38°C water bath and equilibrated with hu-
midified N2 (95%) and CO2 (5%) mixed gas and
perfused at 1.4 ml/min by a peristaltic pump.
The pH was adjusted by sodium bicarbonate to
maintain a pH of 7.4, and the osmolarity of the
buffer after pH adjustment was 309.1
m-osmol/l which is comparable to physiological
osmolarity. The O2 concentration was assessed
by using a 288 Blood Gas System (Ciba-
Corning Diagnostics Cooperation, Medfield)
and that in buffer was about 40 mmHg with
this system [Ikeda et al., 1998]. The effect of
shear stress in this system was negligible, be-
cause it was less than 1 dyne/cm2 [Ikeda et al.,
1996a].

RESULTS

As shown in Figure 1, HUVECs showed
smooth spindle like appearance and basal
[Ca21]i was homogeneous through the cytosol
as previously reported [Ikeda et al., 1996b].
Twenty-five min after initiation of hypoxia,
[Ca21]i locally rose to 321 6 46 nM in the
peripheral region of HUVECs, which was asso-
ciated with bleb formations at the same loci.
The localized [Ca21]i rise is not due either to
the artifacts from dye compartmentalization or
to the loss in membrane integrity, because both
the localized [Ca21]i rise and bleb formation
are reversible phenomena in hypoxia-induced
cellular damages (data not shown). The concen-
tration of nuclear [Ca21] ([Ca21]n) also ele-
vated from 145 6 42 nM to 888 6 32 nM. In
contrast, neither remarkable changes in
[Ca21]i nor bleb formation was noted for at
least 30 min during perfusion of the control
medium (data not shown). In order to clarify
the origin of Ca21 causing the localized [Ca21]i
rise induced by hypoxia, we first tested the
effect of various Ca21 channel blockers. L type
Ca21 channel blocker (10 mM nifedipine), L 1 T
type Ca21 channel blocker (10 mM nicardipine),
L 1 N type Ca21 channel blocker (10 mM cilni-
dipine), and a non-specific plasma membrane
Ca21 channel blocker (1 mM Ni21) failed to
inhibit the localized [Ca21]i rise and bleb for-
mation. The peak values of the [Ca21]i rise
were 435 6 84 nM, 507 6 94 nM, 503 6 74 nM,

432 6 65 nM, and 481 6 149 nM in control,
nifedipine-treated, nicardipine-treated, cilnidipine-
treated, and Ni21-treated HUVECs, respec-
tively.

In order to abolish the Ca21 influx from
extracellular space to cytosol, we employed
Ca21-EGTA buffer to inhibit the Ca21 influx by
lowering extracellular Ca21 concentration to
100 nM so as to abolish the Ca21 gradient
between the extracellular space and cytosol.
The concentration of ionized Ca21 in Ca21-
EGTA buffer was calculated by the method
described by Harafuji et al. [1980]. We did not
completely chelate extracellular Ca21 by EGTA
to inhibit the Ca21 influx, because the complete
chelation of extracellular Ca21 may lead to the
cellular damage and detachment under our as-
say conditions. Hypoxia were started 10 min
after the adjustment of extracellular Ca21. As
shown in Figure 2, both the localized [Ca21]i
rise and bleb formation were completely inhib-
ited by lowering the extracellular Ca21 concen-
tration, suggesting that the Ca21 influx
through an unknown type of Ca21 channel
other than L type, T type, N type, Ni21-
inhibitable Ca21 channels, is responsible for
the hypoxia-induced localized [Ca21]i rise. Al-
though inhibiting the Ca21 influx abolished the
localized [Ca21]i rise and bleb formation,
rather a homogeneous rise of [Ca21]i to 130 6
22 nM was observed in the hypoxia stimulated
HUVECs, which was inhibited by incubating
cells with a PI specific PLC inhibitor, U73122
[Yule et al., 1992; Chung et al., 1998], as shown
in Figure 2. These findings might suggest that
hypoxia causes the Ca21 mobilization through
the activation of PLC. The diffuse [Ca21]i rise
observed was not due to the Ca21 influx, be-
cause it could be observed with the lower Ca21

concentration in the extracellular medium
upon hypoxia (data not shown).

DISCUSSION

Although there have been several reports
published discussing the relationships between
the [Ca21]i rise and bleb formation integral to
cellular death [Orrenius et al., 1992], the in-
volvement of the [Ca21]i rise in hypoxic injury
is still controversial. Although several groups
reported the association between the [Ca21]i
rise and bleb formation [Smith et al., 1992;
Friedman et al., 1993], one group found no
[Ca21]i rise during bleb formation [Lemasters
et al., 1987], and other groups have demon-
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strated bleb formation prior to the [Ca21]i rise
[Allshire et al., 1987; Geeraerts et al., 1991;
Jurkowitz-Alexander et al., 1992; Johnson et
al., 1994; Van Winkle et al., 1994].

In previous reports, we confirmed that the
localized [Ca21]i rise at the same loci of bleb

formation precedes these processes in HUVECs
[Ikeda et al., 1998]. These temporal and spatial
relationship strongly suggested that the local-
ized [Ca21]i rise might cause bleb formation.
Although it is possible that there may be a
Ca21 independent pathway which leads to bleb

Fig. 1. The effects of various Ca21 channel blockers on the hypoxia-induced localized [Ca21]i rise and bleb
formation. HUVECs were perfused with hypoxic medium after the incubation with control saline, 1 mM Ni21, 10
mM nifedipine, 10 mM nicardipine, or 10 mM cilnidipine for 10 min. The [Ca21]i images and differential interference
contrast (DIC) images before the perfusion and those of 25 min later were shown. The condition of image acquisition
was described in Materials and Methods. The results presented were from one representative of four different
experiments.
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formation, it is likely that the differences may
be due to the differences in cell types or the
mode of hypoxia. In brief, many investigators
have developed hypoxic injury models using
the “chemical hypoxia” induced such agents as
cyanide, iodoacetate, or xanthine [Jewell et al.,
1982; Allshire et al., 1987; Lemasters et al.,
1987; Phelps et al., 1989; Hayashi et al., 1990;
Greeraerts et al., 1991; Jurkowitz-Alexander et
al., 1992; Smith et al., 1992; Johnson et al.,
1994; Zahrebelski et al., 1995], however, it is
impossible to exclude possible artifacts due to
the nature of these chemicals. Our observa-
tions were free from such artifacts, because we
utilized a parallel-plate “hypoxic” flow chamber
for cultured cells, which allows us to monitor
cellular morphology and fluorescence images of

fluo-3 under lowered O2 tension [Ikeda et al.,
1998].

However, we failed to confirm the mecha-
nisms or the mode causing the localized [Ca21]i
rise prior to bleb formation. Therefore, in this
study, we studied the origin of the localized
[Ca21]i rise to elucidate our hypothesis that the
[Ca21]i rise is the trigger event in hypoxia-
induced cellular injury, which works in a local-
ized fashion. In general, it has been believed
that the [Ca21]i rise during hypoxic injury is
produced as a result of a breakdown in the
intracellular Ca21 homeostasis due to the
energy (ATP) depletion, which cause the Ca21

overload inside cells [Cheung et al., 1986;
Orrenius et al., 1992], however, the exact mode
of the [Ca21]i rise remains unclear. Especially

Fig. 2. The [Ca21]i gradients in HUVECs perfused with hypoxic medium containing 100 nM Ca21 and the effect
of a phospholipase C inhibitor, U73122. HUVECs were perfused with hypoxic medium containing 100 nM Ca21

adjusted by Ca21-EGTA buffer in the presence or the absence of a phospholipase C inhibitor, 10 mM U73122. The
[Ca21]i images and DIC images before the perfusion and those of 25 min later were presented. The condition of
image acquisition was described in Materials and Methods. The results presented were from one representative of
three different experiments.
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this theory could not explain the “localized
[Ca21]i rise” observed in our assay condition. In
addition, several groups [Herman et al., 1990]
reported the relationship between energy de-
pletion and bleb formation and the role of the
Ca21 influx in hypoxia-induced cell death by
employing Ca21 channel blockers, Ca21 chela-
tors, or several reagents inhibiting ATP gener-
ation, however, they failed to examine the role
of the Ca21 mobilization in the hypoxia-
induced [Ca21]i rise.

In this report, we clearly demonstrated the
existence of the Ca21 mobilization from the
internal Ca21 storage sites as well as the
Ca21 influx from the extracellular medium. In
HUVECs, the existence of L type or Ni21-
inhibitable Ca21 channel has been reported
[Yoshikawa et al., 1997]. As was reported in
the observation by some group [Harrison et al.,
1991], we also failed to inhibit the Ca21 influx
by a non-specific Ca21 channel blocker, Ni21, or
L type, L 1 T type and L 1 N type Ca21

channel blockers under our assay conditions,
suggesting that the Ca21 influx observed in our
assay condition may be through an “unknown”
Ca21 channel. The difference might suggest
the difference in the Ca21 pathway between
the “chemical” hypoxia and the “real” hypoxia.
These findings might explain the failure of
Ca21 channel blockers in preventing a hypoxic
organ damage in clinical situations [de Broin et
al., 1997]. In this study, we first demonstrated
the existence of the Ca21 mobilization, inhibit-
able by a PLC inhibitor, U73122, in the hyp-
oxia stimulated HUVECs, suggesting the exis-
tence of an O2 tension-sensitive signal
transduction system in HUVECs, which may
explain the mechanisms of the several re-
sponses of HUVECs exposed to hypoxia, such
as generation of superoxides and free radicals,
down-regulation of ATP, or up-regulation of
proteases, phospholipases, and endonucleases
[Kristian et al., 1998]. Although the Ca21 mo-
bilization we observed was insufficient for bleb
formation, it might play an initial and pivotal
role in the hypoxia-induced cellular injury, be-
cause there have been several reports describ-
ing the role of the “cross-talk” in [Ca21]i regu-
lating system, such as the “Ca21 induced Ca21

influx” [Arnould et al., 1992]. Our findings
might be a clue to understand the nature of the
hypoxia-induced [Ca21]i rise, which might be
integral to the “rescue” of the cells from hy-
poxic injury.
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