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Abstract. Weibel-Palade bodies (WPB) are endothe-
lial vesicles that store von Willebrand factor (VWF),
involved in the early phase of hemostasis. In the
present study we investigated the morphodynamics of
single WPB plasma membrane fusion events upon
hypoxic stimulation by using atomic force micro-
scopy (AFM). Simultaneously, we measured vVWF
release from endothelial cells to functionally confirm
WPB exocytosis.

Exposing human endothelial cells to hypoxia
(pO, = 5 mm Hg) we found an acute (within minutes)
release of vVWF. Despite acute vVWF release, potential
cellular modulators of secretion, such as intracellular
pH and cell volume, remained unchanged. We only
detected a slight instantaneous increase of cytosolic
Ca’" concentration. Although overall cell morphol-
ogy remained virtually unchanged, high resolution
AFM images of hypoxic endothelial cells disclosed
secretion pores, most likely the loci of WPB exocytosis
on luminal plasma membrane.

We conclude that short-term hypoxia barely al-
ters overall cell morphology and intracellular milieu.
However, at nanometer scale, hypoxia instanta-
neously switches the smooth luminal plasma mem-
brane to a rough activated cell surface, covered with
secretion pores that release vVWF to the luminal cell
surface.

Key words: vWF — Exocytosis — Cell volume —
HUVEC — AFM — Intracellular calcium

Introduction

The vascular endothelium with its salient location at
the interface between blood and tissue plays a pivotal
role in the process of regulation of blood pressure,
blood coagulation and inflammation. The transition
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into a procoagulatory and proinflammatory state
upon stimulation is referred to as endothelial cell
(EC) activation [7]. One fundamental characteristic of
this activation is the induction of exocytosis [29].
Exocytosis is defined as vesicle transport to the
plasma membrane with subsequent membrane fusion
and release of vesicle content into the extracellular
space [13]. During this process, Weibel-Palade bodies,
intracellular 2 x 0.1-pm? large rodlike shaped vesicles,
fuse with the plasma membrane. WPBs play a dual
role in EC activation, promoting both a procoagu-
latory and a proinflammatory answer [25, 29, 43].
WPBs are storage sites of vWF, a glycoprotein in-
volved in hemostasis as a mediator of platelet adhe-
sion to the endothelium and of platelet-platelet
aggregation [32]. In addition to VWF release, P-se-
lectin (CD62P), an adhesion protein necessary for
leukocyte binding to sites of inflammation, is trans-
located to the plasma membrane [27].

Exocytosis of WPBs has been shown to be in-
ducible by different secretagogues that cause exocy-
tosis in a specific pattern [5, 14, 42]. These agonists
(most of them mediators of thrombosis and inflam-
mation) can be classified by their appropriate
intracellular mediator into Ca®" -raising and cAMP-
raising agonists. Most agonists induce WPB exocy-
tosis by a Ca’ " -mediated pathway [9, 14, 16, 24, 41].
Despite the high pathophysiological relevance, the
cellular mechanisms involved in the acute phase of
regulated hypoxia-induced exocytosis remain poorly
understood [27, 41].

Cellular responses to hypoxia can be acute or
chronic [22]. In the present paper, we investigated the
morphologic alterations of the endothelial cell surface
in the acute phase of hypoxic stimulation. By AFM,
alterations in cell surface topography can be identified
[34, 36]. In addition, we measured intracellular Ca®*
concentration to assess its involvement as intracellular
mediator at the onset of hypoxic stimulation.

Concomitantly, we measured the VWF level in
the cell supernatant to quantify hypoxia-induced
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WPB exocytosis. The combination of these tech-
niques allows the exploration of an intracellular
process and the subsequent visualization of its effect
on the plasma membrane. In this study we concen-
trate on the acute phase of hypoxia, observing the
first pathophysiological cell alterations.

Materials and Methods

ENDOTHELIAL CELLS AND CELL CULTURE

Human umbilical vein endothelial cells (HUVEC) were isolated
and grown in culture as described [15]. For experiments we used
confluent endothelial cells not older than 10 days (passage 1). The
culture medium (Gibco, Karlsruhe, Germany) contained 10% heat-
inactivated fetal calf serum (Boehringer Mannheim, Mannheim,
Germany), antibiotics (penicillin, streptomycin), SU/ml heparine
(Biochrom, Berlin, Germany), and 1 ml/100 ml growth supplement
derived from bovine retina as described [19].

ExrosurRE To Hyroxia AND VWF DETERMINATION

HUVEC were cultured either on gelatine-coated glass coverslips
(diameter = 2 cm) in petri dishes or in 12-well gelatin-coated tissue
culture plates (Falcon, New Jersey). HUVEC reached confluence
within 5 days. The cells were exposed to normoxia or hypoxia in an
incubation chamber at 37°C, 100% humidity with pO, at 160 or
5 + 0.3 mmHg, respectively. pO,-concentrations were constantly
monitored with an O,-optode (MOPS-1, Comte-Analysesysteme,
Hannover, Germany). This instrument is based on an oxygen-
sensitive dye (Tris(4,7-diphenyl-1,10-phenanthrolin)-ruthenium
(II)-chloride) immobilized on one end of an optical fiber [11].

The dye is excited at 470 nm wavelength and the hypoxia-de-
pendent fluorescent response is continuously measured. Cells were
incubated in (mmol/l): 140 NaCl; 5 KCI; 1 MgCly; 1 CaCly; 5
glucose; 10 HEPES(N-2-hydroxyethylpiperazine-N’-2-ethanesulf-
onic acid) further referred to as HEPES-buffered Ringer solution
(HBRS). Hypoxic and normoxic HBRS were both prepared by
equilibration with 100% N, and room air, respectively, for 10
minutes in the incubator chamber. Solutions have been treated
equally in terms of bubbling. The change of volume was less than
1% after 60 minutes of incubation. Hypoxic HBRS added to the
cells had a pO, of S mmHg. As monitored by the O,-optode this
level did not change during the whole experiments, as long as the
incubation chamber was perfused with N,. Endothelial cells from
the same umbilical cord were used each time for the hypoxic and
control group in order to avoid scatter due to heterogeneity of ECs,
as recently discussed [21]. The supernatant of endothelial cells ex-
posed to hypoxia or normoxia was harvested, cleared of cell debris
by centrifugation and immediately stored at —20°C for later vVWF
analysis. The release of VWF was measured by a sandwich ELISA
technique [19], using a polyclonal rabbit anti-human vWF antibody
(DAKO, Hamburg, Germany) and a polyclonal rabbit peroxidase-
labeled anti-human vWF antibody. The standard curve was gen-
erated using standard human plasma (SHP) (Behring, Marburg,
Germany). Results are indicated as the percentage of the vVWF
concentration of SHP. 100% SHP is equivalent to about 10 pg/ml.

CELL VIABILITY

In order to exclude cell deterioration as a cause for elevated vVWF
levels, we tested post-experimental cell viability by two different
means. Morphological aspects were documented by the trypan blue
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exclusion method. Less than 5% of the cell membranes were found
damaged even after 60 minutes of hypoxia, thus not exceeding the
percentage found in the normoxic group. In addition, post-
experimental vVWF release as a functional means of viability was
measured upon 50 pum histamine (Sigma, Steinheim, Germany)
stimulation. Histamine-induced vWF secretion is provocable even
after one hour of hypoxia.

SURFACE SCANNING AND CELL VOLUME
MEASUREMENTS WITH ATOMIC FORCE MICROSCOPY

To further investigate hypoxia-induced alterations in endothelial
cell surface morphology, we incubated cells after removal of the
supernatant in 3% isoosmolar glutaraldehyde. After 10 minutes of
fixation, cells were intensively rinsed in isoosmolar HBRS and
imaged in HBRS with atomic force microscopy (AFM). AFM is
based on the deflection of a fine silicon nitride tip scanning the
surface of a sample [4]. AFM reconstructs an image of a surface
from x, y and z data to develop a three-dimensional topography of
any surface at a nanometer level. The procedure for AFM imaging
in contact and tapping mode of different biological samples was
described elsewhere [31]. In previous experiments we used AFM to
study exocytotic events in the apical surface of pancreatic epithelial
cells. In these experiments we visualized exocytotic pores after cell
stimulation [36]. In addition to imaging and analyzing surface to-
pography, AFM enables one to measure cell volume of individual
adherent cells [35] with a femtoliter resolution and isolated proteins,
such as vWF [38], in a physiological environment. Volume mea-
surements on epithelial and endothelial cells were already described
[30, 35]. For our experiments we used the BioScope®™ (Digital
Instruments, Santa Barbara, CA) in conjunction with an inverted
optical microscope (Zeis Axiovert). Silicon-nitride tips were used in
contact and tapping mode (resonance frequency between 7 to 9
kHz) with a spring constant of 8§ mNm ™' (Park Scientific, Sunny-
vale, CA). We applied a vertical force of about 0.4-1.0 nN during
contact mode. AFM images were generated at line frequencies of 1
to 2 Hz, with 512 lines per image. After cell imaging the 3-dimen-
sional data (cell volume, cell morphology) was analyzed by the
software coming with the instrument (Digital Instruments).

MEASUREMENTS OF INTRACELLULAR CALCIUM

Endothelial cells were cultured on glass coverslips coated with 0.5%
gelatine. After the cells were grown to confluency they were loaded
with 1 pm fura2/AM in HBRS for 10 min at room temperature. Then
the coverslips were mounted on a temperature-controlled (37°C)
microscope tissue chamber and washed three times with HBRS be-
fore the onset of continuous superfusion. Fields of about 8 cells were
visualized on a Nikon (Diaphot 300) inverted microscope and excited
alternately at 340 nm and 380 nm. The fluorescence emission was
measured at 510 nm using a photon counting detector. The 340 nm
and 380 nm tracings were corrected in each experiment for autoflu-
orescence before calculating the 340/380 ratio. Calculation of the
intracellular Ca?" concentrations [Ca®" ], was performed as de-
scribed by Grynkiewicz et al. [12]. During one experiment we aver-
aged the calcium concentration out of ~8 endothelial cells. Hypoxia
was applied by superfusing the cells with preconditioned hypoxic
solution in a hypoxic atmosphere. All experiments were performed
under tight control of constant pH, temperature, vaporization sat-
uration and pO, (measured by the above mentioned pO,-optode).

MEASUREMENTS OF INTRACELLULAR pH

Intracellular pH ([pH];,) measurements were performed like mea-
surements of [Ca® "], except for the following deviations: We used
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the fluorescent dye BCECF-AM and excited at 440 and 480 nm
wavelength. Calibration was performed at different pH values (pH
values: 6.4, 6.8, 7.2, 7.6) using high-potassium, low-sodium HBRS
(mimicking intracellular conditions), that contained nigericine (10
umol/l). In an individual experiment we averaged the [pHJ;, ob-
tained from ~8 endothelial cells.

STATISTCAL ANALYSIS

Mean data of experiments are given =+ standard error of the mean
(sE). Statistical significance was tested with unpaired Student’s
t-test. "~ indicates a significant difference of compared values (P <
0.05).

Results

AcuTtE VWF SECRETION UPON
Hypoxic STIMULATION

To explore whether hypoxic conditions acutely (5-10
minutes) activate HUVECs to generate a procoagu-
latory and proinflammatory milieu, we determined the
vWF release, as an indicator of WPB exocytosis, in
hypoxia-stimulated and normoxic cells. Figure 14
summarizes the results obtained from approximately
30 umbilical cords. Half of the isolated cells from the
same umbilical cord were used as the normoxic control
group. Since basal vVWF release exhibits a rather large
scatter due to the heterogeneity of different umbilical
cords, results are expressed as a relative increase to the
corresponding normoxic group from the same um-
bilical cord. Upon hypoxic stimulation, we found an
acute increase of VWF concentration in the cell su-
pernatant. After 5 minutes of incubation the vVWF
concentration was 1.8-fold higher compared with the
normoxic group (normoxia: 32 + 3.5 pg/l; hypoxia: 60
+ 8.4 pg/l, both n = 13). The data show that the
hypoxia-induced vVWF release is an acute event with
the major release taking place during the first 5 min-
utes. A prolonged (more than 5 minutes) hypoxic
stimulation did not further increase vVWF release.

Co-STIMULATION WITH HISTAMINE INCREASES THE
Hyproxic RESPONSE

In order to evaluate the extent of hypoxia-induced
vWF release, we used the common secretagogue as a
stimulus of reference. Endothelial cells exposed to
both hypoxia and histamine (50 pmol/l) were com-
pared to hypoxia-stimulated cells in absence of his-
tamine. The stimulation of endothelial cells with
histamine under hypoxic conditions showed a 3.5-fold
elevated release of VWF compared to hypoxia alone
(Fig. 1B). This indicates that hypoxia is a potent,
though rather weak stimulus compared to histamine.
Therefore, we conclude that hypoxic stimulation re-
cruits only a small fraction of WPBs, whereas hista-
mine (within 5 minutes of incubation) recruits almost
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Fig. 1. Cumulative release of vVWF during normoxic and hypoxic
(pO, = 5 mm Hg) conditions. (4) The paired columns represent
individual experiments. Number of experiments varies between 11
and 26. vVWF,, = VWF release during hypoxic stimulation (grey)
or during normoxic conditions (black). vWF,,. = vWF release
during normoxic incubation. Asterisks indicate significant differ-
ences between normoxic and hypoxic mean values. Please note that
the values indicate cumulative release of vVWF, which represents the
total amount of secreted vVWF over the indicated time periods. The
inset represents a paired experiment switching from normoxic to
hypoxic conditions. (B) Effect of hypoxia and histamine stimula-
tion. HUVEC were incubated in a histamine-containing hypoxic
solution (right column). Hypoxia-induced vVWF exocytosis was
38 + 5 pg/l (n = 5), whereas histamine-induced vVWF exocytosis
under hypoxic conditions was 139 + 20 pg/l (n = 5). The normoxic
cell released a VWF concentration of 23 + 2 pg/l (n = 5) into the
supernatant. Histamine-induced vWF exocytosis under normoxic
conditions was 125 £ 10 pg/l (n = 5). Asterisks indicate significant
differences between stimulated and normoxic mean values. Mean
values of histamine stimulation do not differ significantly during
normoxic and hypoxic stimulation.

all WPBs to undergo exocytosis, independent of
hypoxic or normoxic incubation. After 5 minutes of
histamine stimulation, subsequent immunofluores-
cent staining of vVWF reveals an almost complete de-
pletion of WPB within HUVEC (data not shown).

In addition, the common secretagogue histamine
was used as a further method to test viability of
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endothelial cells under hypoxic conditions. After
stimulation with histamine, hypoxia-incubated HU-
VEC responded with a further increase of VWF ex-
ocytosis. After 60 minutes of hypoxic stimulation the
same cells were stimulated with histamine. After
histamine stimulation HUVEC respond with a fur-
ther increase (2.5-fold; n = 5) of vWF release.

IMMEDIATE HYPOXIA-INDUCED INCREASE
OF INTRACELLULAR CALCIUM AT UNALTERED
INTRACELLULAR pH

An increase of intracellular calcium has been dem-
onstrated to be the mediator of regulated exocytosis
[14, 24, 34]. Therefore, we measured the intracellular
calcium concentration under normoxic and hypoxic
conditions. The original tracing (Fig. 24) demon-
strates a representative experiment. A plateau value
is reached within 2 minutes and remains stable dur-
ing hypoxia. After going back to normoxic condi-
tions the calcium level slowly recovers to resting
level. In a second set of experiments we measured the
intracellular pH (pH;, = 7.2 + 0.03; n = 8) during
hypoxic stimulation. We did not find any intracellu-
lar pH alterations during 40 minutes of hypoxic in-
cubation (n = 5) (Fig. 2B original tracing). In an
additional series of experiments we measured intra-
cellular calcium upon hypoxic and histamine stimu-
lation. After switching to hypoxic conditions we saw
an immediate intracellular calcium increase to a new
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Fig. 2. Effect of hypoxia upon [Ca’®" ], and pHi,. (4) Original
tracing of intracellular calcium concentration under resting and
hypoxic condition. Hypoxic stimulation immediately increases in-
tracellular calcium concentration. After switching back to norm-
oxic conditions, intracellular calcium concentration decreases to
resting level within 10 minutes. (B) Original tracing of intracellular
pH during hypoxia. (C) Cytosolic calcium levels after 5 minutes of
hypoxic stimulation. Normoxic control cells show an average of
intracellular calcium concentration of 29 + 3.6 nm (n = 9). During
S minutes of hypoxic stimulation intracellular calcium significantly
increased to 45 + 5.3 nm (n = 9). Hypoxic endothelial cells still
respond to histamine stimulation by an increase of intracellular
calcium to a peak value of 1047 + 58.7 nm (n = 4).

steady state of ~50 nm. After stimulation with his-
tamine we measured a calcium increase to a peak
value of about 1 pum. Figure 2C summarizes the ex-
periments. During resting conditions we measured an
intracellular calcium concentration of 29 =+ 1.3
nmol/l (n = 9). After switching to hypoxia, intra-
cellular calcium concentration immediately increased
to a new steady state of 45 £ 5.3 nmol/l (n = 9) (Fig.
2C). Following stimulation with histamine the cyto-
solic calcium concentration increased to a peak value
of 1047 £ 58.7 nmol/l (n = 4). The calcium spike
after histamine stimulation is known to be due to an
intracellular IPs-dependent calcium release [24]. The
histamine-induced calcium increase was similar in
normoxic and hypoxic ECs.

EXTRACELLULAR CALCIUM IS A PREREQUISITE
FOR AcuTE VWF ExocyTosis

In order to investigate whether extracellular calcium
accounts for the acute increase of intracellular calci-
um and vWF release, we measured the amount of
hypoxia-induced exocytosis of vVWF in calcium-free
EGTA-buffered (3 mmol/l) HBRS. Figure 3 sum-
marizes the results of 20 experiments. Ca’"-free
HBRS inhibits the hypoxia-induced VWF secretion.
The constitutive vVWF release in normoxic cells is not
affected by the omission of calcium from HBRS.

In conclusion, the histamine-induced intracellu-
lar calcium increase was unaffected during hypoxic
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Fig. 3. vWF secretion after 10 minutes of incubation in Ca> " -free
medium. The normoxic release in HBRS is set as one, the experi-
mental results expressed as ratios derived from ELISA. vWF., =
VWF release upon hypoxic stimulation or during Ca®*-free incu-
bation. VWF,,, = VWF release during normoxic control condi-
tions. Exocytosis of VWF induced upon hypoxic stimulation is
significantly blocked in Ca®* -free medium. Number of experiments
= 4 for each column.

conditions indicating intact calcium stores during
hypoxia. Moreover, VWF release upon hypoxic
stimulation was abolished in a calcium-free buffer
solution. Therefore, it is very likely that the hypoxia-
induced calcium increase is due to plasma membrane
calcium influx followed by VWF secretion.

AcUTE HyroxiA DOES NOT INCREASE
EnpOTHELIAL CELL VOLUME

To investigate alterations in cell volume following
hypoxia, we measured cell surface topography of
endothelial cells by using AFM. AFM enables one to
perform measurements of cell volume in adherent
cells. Cell volume and cell topography can be ob-
tained simultaneously on a single cell. Imaging was
performed in HBRS. An area of 100 x 100 um” was
imaged that contained about 7 cells (Fig. 44). The
normoxic group revealed an average cell volume of
2980 + 74 fl (n = 26) compared to the hypoxic group
with an average cell volume of 2868 + 121 fl (n = 23)
(Fig. 4B). The data show that cell volume of HUVEC
exposed to 5 minutes of hypoxic stimulation is not
different from the cell volume of normoxic cells. An
unaffected cell volume and a constant intracellular
pH (see above) support the hypothesis of stable en-
ergy conditions in hypoxic ECs.

SECRETION PORE FORMATION dURING
Acute Hyproxia

Besides a micrometer resolution for whole-cell
imaging, AFM enables one to measure surface
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Fig. 4. Low magnification of HUVEC surface topography. (4) 3-
dimensional image of 7 endothelial cells 5 minutes after hypoxic
stimulation. The height of the cells is indicated by brightness
(see bar). A 2-dimensional section of two endothelial cells was
made to show the cell height. The cell height between the two
arrows, one arrow on glass, the second on the cell, is 3.4 um. (B)
Cell volume of HUVEC after 5 minutes of hypoxic incubation. Cell
volume of hypoxic cells was virtually unchanged compared to
normoxic cell.

topography in more detail. To gain high resolution
we imaged small cell surface areas (~10 x 10 um?).
Figure 54 shows representative images of a norm-
oxic and a hypoxic cell. Normoxic cells show a large
number of humps (1.7 + 0.26/10 yum?; diameter: 1-2
um; height above plasma membrane level: 150-250
nm, n = 18). After hypoxic stimulation the number
of humps decreased, whereas VWF secretion in-
creased. We found pore-like structures (diameter:
300-800 nm) in the plasma membrane of hypoxic
cells. These pore-like structures were also found
after histamine stimulation. The decrease of humps
and the increase of exocytotic pores correlate qual-
itatively with the amount of vWF release (Fig. 5B).
Histamine-stimulated cells exhibit about 0.9 + 0.08
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pores/10 um* (n = 22) and 0.1 + 0.06 humps/10
um? (n = 22), whereas in hypoxic-stimulated cells
(less vVWF release compared to a histamine-induced
VWF release) we found 0.6 + 0.13 pores/10 um? (n
= 26) and 0.6 £+ 0.10 humps/10 um> (n = 26).
Pores were virtually absent in normoxic or unsti-
mulated cells. To confirm that pores are release
sites of VWF, we did immunofluorescence stainings
of VWF on the same sample (first antibody: rabbit
anti-human vWF, antibody; second antibody:
FITC-labeled anti-rabbit). Using laser scanning
microscopy we found VWF spots on the luminal
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Fig. 5. High magnification of HUVEC surface topography. (A4)
Images of a small cell surface area are shown. Height is given by
brightness (see bar). After hypoxic stimulation (5 min), surface
topography reveals secretion-pore formation in addition to humps.
Secretion pores indicate WPB fusion events with plasma mem-
brane, whereas humps represent subplasmalemmal WPB. Norm-
oxic cells reveal only humps and no pores. A hump and a pore are
shown in more detail with the respective height profiles along the
dotted lines below the images. (B) Number of humps and exocy-
totic pores in normoxic, hypoxic or histamine-treated cells. As soon
as cells are stimulated (hypoxic incubation or histamine stimula-
tion), hump number decreases and exocytotic pore number in-
creases. Decrease of humps, as well as increase of secretion pores,
during hypoxia or histamine stimulation are significant compared
to normoxic cells.

membrane located where pores were identified.
Furthermore, the geometry of humps and pores
matches the size of WPBs. To our knowledge no
secretory vesicles sensitive to histamine stimulation
and with a comparable geometry exist in ECs [24].
Therefore, the data strongly suggests that the pores
appear as the result of WPB fusion during
exocytosis with the plasma membrane and, there-
fore, most likely represent secretion pores. The
humps are subplasmalemmal WPB that are ready
to fuse with the plasma membrane if stimulation
occurs.
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Discussion

The present study shows that hypoxia activates ECs
within seconds (intracellular calcium) to minutes
(VWF exocytosis). This rapid activation is consistent
with the clinical observation that ischemic events re-
sult in an acute elevated vascular procoagulatory and
inflammatory response [26, 37]. The pathophysio-
logical need for increased vWF levels during hypoxia
is understood as a mechanism initiating tissue repair
and remodeling at the ischemic site [27, 37].

Previous studies on human umbilical venous en-
dothelial cells have shown that the procoagulatory
and inflammatory response evoked by chronic isch-
emia is characterized by secretion of von Willebrand
factor and P-selectin with a statistically significant
increase after 2 hours [27]. The slower EC activation
shown by other authors may be due to the different
experimental setups to study hypoxic effects on ECs.
Preliminary experiments revealed that a meticulous
control of temperature, pH, atmospheric humidity
and pO, is indispensable, as endothelial cells are very
sensitive to changes in the surrounding milieu.
Moreover, the delicacy of establishing a defined
hypoxic milieu is a matter of recent discussion [1].
Taking these findings into account, we constructed an
incubation chamber that guarantees a permanent
monitoring of the above stated parameters. A newly
designed pO, optode continuously measured the
oxygen concentration and all experiments were per-
formed at 5 mmHg + 0.3 mmHg pO, [11]. Since
application of a hypoxic atmosphere is insufficient
to achieve hypoxic conditions in the cell supernatant,
all buffers were equilibrated with nitrogen. Thus, our
approach distinctly differs from previous studies, in
which hypoxia-induced vWF secretion was expected
to occur by placing the cells in a hypoxic atmosphere.
As oxygen diffusion from the medium into the at-
mosphere is a rather slow process, it might account
for the latency of the cellular response in previous
studies. In our approach, however, hypoxic condi-
tions are instantly achieved at the cellular level and,
therefore, acute effects of isolated hypoxia can be
observed. Future studies with application of 2-deoxy-
D-glucose and concomitant acidosis will reveal the
onset of ischemic endothelial cell activation. This
present approach demonstrated for the first time that
HUVEC respond to isolated hypoxic stimulation
with an acute release of von Willebrand factor by
WPB exocytosis. 5 minutes of hypoxia are sufficient
to significantly raise the amount of secreted von
Willebrand factor.

Endothelial cell activation, in particular exocy-
tosis, can also be confirmed by morphological alter-
ations. However, since vesicle fusion with the plasma
membrane is thought to cause morphological altera-
tions at the nanometer scale, a high-resolution in-
strument for imaging plasma membrane topography
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is necessary. AFM fulfills the prerequisites for imag-
ing and analyzing such fusion events [20, 36]. The
presented data strongly suggest that a pool of WPBs
in normoxic unstimulated endothelial cells is local-
ized underneath the plasma membrane appearing as
humps. These vesicles are able to fuse instantancously
with the plasma membrane upon hypoxic stimula-
tion. Fusion events are visible as pore-like structures.
This pore formation most likely represents WPB
exocytosis. The decrease in the number of humps on
EC surface is an excellent qualitative indicator for
vWF release. Numerous in unstimulated cells, the
number of humps significantly decreases upon hyp-
oxic stimulation. Further treatment with histamine
should then force all WPBs to fuse with the plasma
membrane. Therefore, we found only a very small
number of humps left on the membrane after hista-
mine stimulation. ECs stimulated with the compara-
tively rather weak stimulus hypoxia still reveal more
humps than histamine-treated cells. Concomitantly,
the number of secretion pores increases from virtually
absent in unstimulated cells up to the histamine level.
Pore formation in the histamine group does not
correlate with the measured vWF release. As AFM
scanning starts 5 minutes after stimulation, it is left to
explore whether pores have already closed or if
multiple vesicle fusion occurs. Therefore, formation
of exocytotic pores is a semi-quantitative indicator
for vWF release.

Moreover, AFM visualized humps and pores at
the apical membrane of ECs, indicating an apical
release of vVWF. Exocytosis of vWF by WPB fusion
with the basolateral membrane can not be seen by
AFM. Therefore, the number of fusion events at the
basolateral membrane and the subsequent vVWF re-
lease remain unclear. Apical and basolateral vWF
release after WPB fusion was shown by Sporn and
coworkers [39] using vVWF measurements in the su-
pernatant. However, morphological data confirming
apical or basolateral secretion is missing. Using
AFM, we are able to measure apical secretion of
vWE. The instantaneous switch from a resting cell
surface topography enriched with humps to a surface
exhibiting secretion pores illustrates the membrane
dynamics of endothelial cells upon hypoxic stimula-
tion.

What could be the trigger mechanism for vWF
release upon hypoxia? As reported previously, en-
dothelial cells show a marked tolerance to hypoxia
regarding their metabolism and remain well energized
[23]. In this study we measured cell volume and in-
tracellular pH of HUVEC upon hypoxic stimulation.
We expected cell swelling and intracellular acidifica-
tion in response to hypoxia. To our surprise, neither
cell volume nor intracellular pH change during hyp-
oxia. Moreover, our data show that endothelial cells
respond adequately upon histamine stimulation even
after 60 minutes of hypoxia. Therefore, it is unlikely
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that metabolic alterations, such as energy deficiency,
account for the acute vVWF release-as already shown
[23]. However, we found an elevated intracellular
calcium level rising within 60 seconds upon hypoxic
stimulation. As stated previously, elevated intracel-
lular calcium levels are needed for vVWF exocytosis [5,
6, 24]. The pattern of the increase of [Ca®*]; depends
on the stimulus and its concentration [24]. Hormones,
like thrombin or histamine, induce a rapid and mas-
sive increase of [Ca®"];, which is substantially more
pronounced than that during hypoxia. In addition,
our findings are consistent with the recent publication
of Suh et al. who showed an increase of intracellular
calcium in endothelial cells within 30 seconds upon
chemical hypoxic stimulation induced by cyanide
[40]. In that study a nonselective cation channel,
namely “trp3,” was suggested to be activated upon
hypoxic stimulation. This channel is involved in cal-
cium influx from the extracellular space into the cell.
Park and coworkers measured a calcium influx upon
hypoxic conditions by using the O, chelator thiogly-
collate in combination with a glucose-free solution
[26]. In order to investigate the relevance of extra-
cellular calcium and transmembrane calcium influx
for the acute vVWF exocytosis in our study, we de-
termined the vVWF release in calcium-free medium.
The hypoxia-induced exocytosis is inhibited in a
calcium-free medium. Moreover, an intracellular
calcium release (calcium spike after histamine stim-
ulation) was still possible, indicating unaffected in-
tracellular Ca?" stores during hypoxia. Therefore, it
is likely that hypoxia activates a nonselective plasma
membrane cation channel similar to previous find-
ings, though in different cell types [40]. It has been
shown that focal subplasmalemmal Ca>" elevations
may occur without any increase in the perinuclear
region [10]. This may explain why, although we ob-
serve only a slight [Ca”"; increase in our whole-cell
measurement, a high focal calcium concentration
exists, localized next to the plasma membrane where
Weibel Palade bodies were identified. These vesicles
immediately fuse with the plasma membrane. There-
fore, a small submembraneous calcium increase due
to calcium influx evokes WPB fusion if WPB are close
to the plasma membrane. In addition, an activation
of the Na®/Ca®" exchanger under hypoxic condi-
tions, which also leads to an increase of subplasma-
lemmal Ca®", was recently reported [3]. The authors
suggest that the requirement for ATP leads to the
activation of the Na " -glucose cotransporter followed
by the activation of the Na™/Ca?" exchanger. In
contrast, histamine is followed by a distinct intracel-
lular calcium increase and therefore recruits almost
all WPB for exocytosis within 5 minutes of stimula-
tion (3.5-fold increase of VWF release as compared to
hypoxia-stimulated cells). Furthermore, calcium mo-
bilization from intracellular stores during ischemia,
due to glucose deprivation, acidosis or extracellular
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ATP/ADP, is likely to occur [5, 17, 42]. Schéfer and
coworkers showed an intracellular calcium increase
within 1 minute after application of 2-deoxy-p-glu-
cose, an inhibitor of glycolysis. ATP contents were
not affected, however, a local ATP-concentration
decrease at the endoplasmic reticulum may have been
possible [33]. Finally, Aono and coworkers showed
that hypoxia causes both an intracellular calcium
mobilization and a calcium influx [2]. Therefore,
different pathophysiological stimuli that occur during
ischemia may lead to an enhanced and complemen-
tary intracellular calcium increase.

The data show that the acute response of the
endothelium to hypoxia happens at the plasma
membrane level. Activation of a plasma membrane
calcium channel followed by calcium influx or/and
intracellular calcium increase and plasma membrane-
associated WPB exocytosis are the early events of cell
activation. An oxygen-sensing mechanism as already
discussed for endothelial cells [8, 18, 28] is likely to
be present in the plasma membrane, offering a seiz-
able target for further preventive therapeutic ap-
proaches.

We thank Mrs. M. Wilhelmi for excellent work in cell culture and
the gynecological staff of the Muenster Raphael and Franziskus
Hospital for providing human umbilical cords.
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