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Hypoxia potentiates nitric oxide synthesis and
transiently increases cytosolic calcium levels in
pulmonary artery endothelial cells

V. Hampl, D.N. Cornfield, N.J. Cowan, S.L. Archer

Hypoxia potentiates nitric oxide synthesis and transiently increases cytosolic calcium
levels in pulmonary artery endothelial cells. V. Hampl, D.N. Cornfield, N.J. Cowan,
S.L. Archer. ©ERS Journals Ltd 1995.

ABSTRACT: There is indirect, contradictory evidence both for increased and
reduced synthesis of the endothelium-derived vasodilator, nitric oxide, in the pul-
monary circulation during acute hypoxia. Therefore, we decided to directly measure
the effect of acute hypoxia on nitric oxide production by cultured pulmonary endothe-
lium. Because increases in the intracellular free calcium concentration are known
to initiate nitric oxide synthesis, we also studied cytosolic calcium levels.

We measured the accumulation of the stable nitric oxide metabolite, nitrite, in
the fluid used to superfuse the cultured bovine pulmonary artery endothelial cells
at an oxygen tension (Po,) of either 20.3 (normoxia) or 4.9 kPa (hypoxia) (152 or
37 mmHg). Intracellular calcium levels were measured with dual-excitation micro-
fluorimetry after loading the cells with the fluorescent calcium indicator, fura 2.

Basal NO synthesis, measured as nitrite accumulation over 10 min, was signifi-
cantly higher under hypoxic than normoxic conditions (8.3+2.2 versus 4.6£0.8 nM).
Hypoxia transiently increased cytosolic calcium concentration (from 113+10 to 231+45
nM). Ryanodine and thapsigargin (which deplete intracellular calcium stores), but
not the removal of extracellular calcium, inhibited the hypoxic increase in cytosolic
calcium, indicating that it resulted primarily from release of intracellular calcium.
Bradykinin-elicited NO synthesis was potentiated by hypoxia. Bradykinin-induced
increase in cytosolic calcium was not inhibited by hypoxia.

We conclude that hypoxia acutely increases cytosolic calcium levels and basal and
bradykinin-stimulated nitric oxide synthesis in pulmonary artery endothelium.
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Moderate hypoxia is an important regulator of pul-
monary vascular tone. Hypoxic pulmonary vasoconstric-
tion (HPV) is a mechanism intrinsic to the pulmonary
vascular smooth muscle [1]. The magnitude of HPV,
however, is modulated by the endothelium. It has been
reported that inhibitors of synthesis of the endothelium-
derived vasodilator, nitric oxide (NO), potentiate HPV
[2-14], indicating elevated pulmonary NO synthesis in
hypoxia. In contrast, other studies have reported that
hypoxia reduced pulmonary endothelium-dependent vaso-
dilation and diminished accumulation of cyclic guano-
sine 3’,5’-monophosphate (a second messenger of NO
and other stimuli), suggesting that hypoxia reduced NO
activity [15-19]. The aim of the present work was to
address this discrepancy by directly measuring pulmon-
ary endothelial NO production during hypoxia. The
results demonstrate that the basal and bradykinin (Bk)-
evoked production of NO is greater under hypoxic than
normoxic conditions in cultured pulmonary artery endo-
thelial cells.

Increases in endothelial cytosolic free calcium con-
centration, [Ca?']i, precede, and are thought to cause,
activation of NO synthase [20] and NO synthesis [21-23].

In this respect, both final steady-state levels and initial
transient changes may be important. STEVENS et al. [24]
have shown, in cultured pulmonary artery endothelial
cells, that [Ca?*]i levels decrease after ~10 min of hypoxia
[24]. However, they have not reported rapid changes in
[Ca?]i.

We hypothesized that the increase in NO synthesis
with hypoxia, observed in the first part of the current
study, may be triggered by an initial transient increase
in [Ca?*]i. To test this hypothesis, we measured [Ca2]i
in cultured pulmonary artery endothelial cells during the
first minutes of hypoxia. In addition, the source of the
observed transient [Ca2*]i increase was examined by
removing calcium (Ca2*) from the superfusate or by
depleting intracellular Ca?* stores with thapsigargin [25]
or ryanodine [26] prior to the hypoxic challenge.

Methods

Cells

Bovine pulmonary artery endothelial cells (Bos taurus
Line No. CCL209) were purchased from American Type
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Culture Collection, Rockville, MD, USA. The cells
between passage 16-25 were grown to confluence on
customized culture plates using standard growth media,
as described previously [27].

Study design

The study consisted of two separate experimental set-
tings: measurement of NO production, and measurement
of [Ca?*]i. In both settings, the cells were superfused in
the plates with normoxic or hypoxic solution. As NO
is rapidly oxidized to nitrite (NO,") in aqueous solutions
[28], both NO and NO, must be measured in order to
determine NO production accurately. Therefore, NO
production was measured as NO+NO,™ accumulation in
the superfusate over 10 min periods of either hypoxia or
normoxia. Nitrate (NO;”) was not measured, as its
production from NO and NO, in aqueous solutions is
negligible in the absence of oxyhaemoproteins [28]. For
the [Ca2*]i measurements the cells were loaded with the
Ca?* sensitive fluorophore, fura 2, and superfused on a
microscope stage of a Ca?* imaging spectrofluorimetric
system. To test whether the observed hypoxic [Ca?*];
spike is dependent on the entry of extracellular Ca?+, 12
plates were perfused with nominally Ca?* free solu-
tion. In addition, the role of intracellular Ca2+ stores was
studied by depleting them with thapsigargin or ryano-
dine.

Superfusion of the cells

The plates were perfused on the microscope stage with
Hank’s balanced salt solution (HBSS; buffered to pH
7.4 with hydroxyethylpiperazine ethanesulphonic acid
(HEPES)) at 14 ml-min‘', in a recirculating manner (total
recirculating volume was 40 ml). Calcium (1 mM) was
added to both reservoirs after the start of perfusion. Partial
pressure of oxygen (Po,) at the cell surface was altered
by switching between the normoxic (bubbled with 20
%0,, 5 %CO,, balance N,) and hypoxic (bubbled with
0 %0,, 5 %CO,, balance N,) reservoir. The pH of HBSS,
reduced by CO, bubbling, was readjusted to 7.4 by sod-
ium bicarbonate before the start of perfusion. Prior to
exposure to hypoxic perfusate, the normoxic perfusate
was aspirated from the plate to accelerate the change in
Po,. Similarly, hypoxic perfusate was removed from the
plate before switching to normoxia. To improve the
control of Po, at the cellular surface, the gas space below
the lid was aerated with 100% N,. The tip of a small
(diameter=3 mm) oxygen electrode (MI-730 electrode
connected to OM-4 Oxygen Meter, both from Micro-
electrodes Inc., Londonderry, NH, USA) was placed in
the perfusate in the middle of the plate to monitor Po,.
Switching from normoxic to hypoxic perfusate dropped
the O, saturation rapidly (~30—45 s) from 20.1% (Po, =
20.3 kPa (152 mmHg)) to 4.8% (Po, = 4.9 kPa (37
mmHg)). Pco, and pH did not change significantly with
hypoxia.

NO measurement

NO+NO,  accumulation in the superfusate of the cells
was measured using an acidified version of an NO
chemiluminescence assay [14]. Nitrite was first con-
verted to NO by adding potassium iodide (a reducing
agent, 0.2 ml of 1 M solution) and HCI (0.2 ml of 1 N
solution) to the reflux chamber prior to the sample (1
ml). NO was then stripped from the sample by bub-
bling it with helium (12 ml-min"' for 30 s) and detected
by measuring the light emitted when NO and ozone
(generated by electrostatic discharge within the NO Chem-
iluminescence Analyzer 270, Sievers Research, Boulder,
CO, USA) interacted in front of a photomultiplier. Mea-
surements were made at room temperature with an inte-
gration time of 2 s. A calibration curve was constructed
using 10, 50, 100 and 500 pl of 10 ppm NO gas. The
relationship between chemiluminescence (mV) and NO
was: NO (pmol) = -2.51+0.283 x chemiluminescence
(mV) [14]. The detection limit of the assay was <5 pmol.
As HBSS, like other sources of water, contains NO,
[29], the endothelial NO+ NO,  values were corrected
by subtracting the signal produced by a matching vol-
ume (1 ml) of HBSS which had not been exposed to the
endothelium.

For each plate, NO+NO, accumulation in the perfu-
sate over 10 min of perfusion was estimated by perfor-
ming the NO+NO, assay before and after 10 min of
perfusion. Ten plates were perfused with normoxic and
10 with hypoxic HBSS. To study the role of intracellular
Ca?* stores in the regulation of pulmonary artery endo-
thelial NO production, additional measurements were
performed in the presence of thapsigargin (10° M; n=4
normoxic and 4 hypoxic plates) and its solvent, dimethyl
sulphoxide (DMSO) (n=2 normoxic and 2 hypoxic plates).
Thapsigargin inhibits Ca?* reuptake into a variety of
intracellular stores [25]. NO production in response to
Bk (10® M) was measured in five normoxic and five
hypoxic plates. To exclude the possibility that increased
NO+NO, levels in hypoxia were due to reduced NO in-
activation by superoxide, the NO+NO, response to Bk
was studied in the presence of superoxide dismutase (50
U-ml!). In addition, to see whether NO+NO,™ levels are
increased in hypoxia even in the absence of flow and
(presumably) shear stress, the perfusion of the plates was
stopped in these experiments before the first HBSS sam-
ple was assayed for NO+NO,. Bk was then injected
and the second sample was analysed for NO+NO,™ 10
min later. During this 10 min period, the plates were
not perfused. Due to the nitrogen atmosphere above the
cells, the Po, of HBSS stayed at 4.9 kPa (37 mmHg) in
the hypoxic plates.

Changes in either NO production or post-synthetic
degradation and partition could theoretically account for
the observed increase in NO+NO,” amount in hypoxic
plates. To distinguish between these two possibilities,
we performed additional experiment in the same system
but with no cells. NO+NO, concentration in HBSS was
measured before and 10 min after 25 pl of saturated NO
solution (2 mM) was injected into HBSS in the perfused
plate. Three normoxic and three hypoxic plates were
studied.
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Measurement of [Ca**]i

[Ca?*]i was measured using the Ca?* sensitive fluoro-
phore, fura 2. To load the cells with fura 2, the plates
were first washed three times with HBSS. They were
then incubated in standard media containing fura 2
penta-acetoxymethyl ester (4 mM) at 37°C for 40 min.
The esterified form of fura 2 is used to enhance its entry
into the cells. After three more washes with HBSS, the
media was replaced with a media without fura 2 and the
cells rested at 37°C for 20 min to allow for complete de-
esterification of intracellular fura 2. The plates were
again flushed three times with HBSS, filled with HBSS,
covered with a loosely fitting lid, and placed on the
heated microscope stage (37°C). The floor of each plate
had a "cut-out" sealed by a glass coverslip to permit
optimum optical transmission for fluorescence determina-
tion of [Ca2*]i.

The quantitative fluorescence microscopy system (PTI
DeltaScan 1) was obtained from Photon Technology
International (South Brunswick, NJ, USA). Details of
the [Ca?*]i measurement using fura 2 have been described
and discussed previously [27, 30]. Briefly, the light
emitted at 510 nm by the fura 2-loaded cells in response
to stimulation with a monochromatic light (wavelength
of 340 and 380 nm alternating at 60 Hz) was collected
with an epifluorescence microscope and quantified using
a photomultiplier. A 75 W, ozone-free xenon lamp ser-
ved as a light source. Two bandpass filters were used
to select only the desired wavelength (340 or 380 nm),
and a rotating chopper disk alternated the path of the
light between the two filters with a frequency of 60 Hz.
Cumulated emission at 510 nm of all 5-10 cells in the
microscope’s viewing field was viewed using a 40x oil/
fluor objective of a Nikon Diaphot inverted epifluore-
scence microscope (Nikon Instrument Group, Garden
City, NY, USA) and passed to the photomultiplier. The
output of the photomultiplier was recorded and used for
[Ca%t]i calculations by computer software provided as
part of the PTI DeltaScan 1 system.

[Ca?t]i was calculated from the ratio (R) of light emitted
upon stimulation with 340 and 380 nm using the equation
of GRYNKIEWICZ et al. [31] as described previously [27]:

(R - Rmin) stago
[Ca]i = Kd x X
(Rmax - R) Sbag,

The dissociation constant for fura 2 (Kd) in this system,
determined as described previously [30], was 1.39x107 M,
with a viscosity correction factor of 1.0. Maximal and
minimal R were determined on each plate at the end of
the experiment by first lysing the cells with the deter-
gent Triton X-100 (0.2 pl), thus saturating fura 2 with
extracellular Ca?* (Rmax), and then chelating all free Ca2*
with 2 mM ethylene glycol tetra-acetic acid (EGTA)
(Rmin). The ratio of emissions of the Ca?* free and
bound standards upon 380 nm stimulation (sf;g/sbsg,) was
11.1 in our system [30].

Accuracy of the Ca? assay was confirmed by com-
paring nominal and measured values of standard Ca?*

solutions in vitro [30]. Standards containing incremen-
tal Ca?* concentrations were prepared by precise step-
wise replacement of aliquots of Ca2+ free (10 mM EGTA)
with equal volumes of Ca replete (10 mM CacCl,)
solution. They contained 1 uM of fura 2. Calcium con-
centration in these standards was calculated using the
FreeCal 4.0 computer program by L.F. Brass, University
of Pennsylvania, Philadelphia, PA, USA. For these in
vitro measurements, Rmin and Rmax was R of 10 mM
EGTA and 10 mM Ca?* standards, respectively. The
measured Ca?* concentrations were fairly close to the
calculated values for all standards [30], confirming that
the equipment was properly calibrated and the Kd
appropriate for our experimental setting.

Pulmonary artery endothelial [Ca?]i was measured
during 4-5 min of normoxic perfusion, and the cells were
then challenged with hypoxia for 3-5 min. To study the
effect of hypoxia on agonist-stimulated [Ca?*]i increase,
Bk (10® M) was administered during normoxia (in 12
plates) or hypoxia (in 5 plates) (fig. 1, protocol I). To
differentiate between intracellular Ca?* stores vs Ca*
entry in the observed increase in [Ca?*]i during hypoxia,
a variety of interventions were employed. Twelve plates
were studied in a nominally Ca?* free solution (fig. 1,
protocol II). In Ca?* replete experiments, drugs that
deplete intracellular Ca?* stores, ryanodine (10 M) and
thapsigargin (10-¢ M), were administered 5—-8 min before
the hypoxic challenge (fig. 1, protocol III). In addition,
the effect of thapsigargin dose on [Ca?']i was measured
in another four normoxic Ca?* replete plates (in this case
the plates were not perfused but rather filled with HBSS).
Whilst thapsigargin inhibits intracellular Ca** reuptake
[25], ryanodine promotes Ca?* release from endoplas-
mic reticulum [26].

122 Bradyidnin
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Ca2t 1mM
~5min
n=6 | —
IL e Bradykinin
Hypoxia ;
' i n=6
\
Bradykinin
I Hypoxia i
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Fig. 1. — Schematic diagrams of [Ca?*]i measurements. In protocol

I (n=17 plates), [Ca?]i was measured in Ca?* replete cells during
normoxia, hypoxia, and bradykinin administration. In five plates
bradykinin was given during, rather than after, hypoxia. Protocol II
(n=12) was identical to protocol I except that extracellular Ca>* was
not added. Bradykinin was given during hypoxia in six plates. In
protocol III (Ca?* replete), ryanodine (n=7) or thapsigargin (n=4) (or
its solvent, DMSO, n=2) were given in the bath before lowering Po,.
DMSO: dimethyl sulphoxide; Po,: oxygen tension.
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Drugs

Reagents were from Sigma Chemical Co., St. Louis,
MO, USA except for NO gas from Matheson, Joliet,
IL, USA, fura 2 AM from Molecular Probes, Eugene,
OR, USA, ryanodine from Penick, Lyndhurst, NJ, USA,
and thapsigargin from Calbiochem, La Jolla, CA, USA.
They were dissolved in normal saline except for thapsi-
gargin. Thapsigargin was first dissolved in DMSO (6.5
mg-ml'), and serial dilutions of this stock solution with
saline were then prepared, so that addition of 50 pl of
these solutions into 50 ml perfusate (or 5 ml plate bath)
resulted in thapsigargin concentrations of 10101 M
whilst exposing cells to <0.01 % DMSO. This proce-
dure was employed in order to keep DMSO concentration
in the bath below the limit of 0.2%. DMSO concentra-
tions higher than 0.2% may increase [Ca?]i [32]. All
experiments with thapsigargin were paralleled by con-
trol experiments where DMSO without thapsigargin was
given. NO gas was handled and saturated NO solution
was prepared as described previously [33].

Statistics

Values are reported as the meantsem. Because of large
data variance in some experiments, normal distribution
was not presumed and nonparametric statistical tests
were used. For comparisons between two groups, the
Mann-Whitney U-test was used. When more then two
groups were compared, the Kruskal-Wallis test was first
calculated. If the p-value was less than 0.05, the Mann-
Whitney U-test was then performed for the pair of groups
with the largest difference in ranks. Wilcoxon signed
rank test was used for paired comparisons. Calculations
were performed using the StatView 4.01 computer pro-
gram (Abacus Concepts, Berkeley, CA, USA). A value
of p less than 0.05 was considered statistically signifi-
cant.

Results

Nitric oxide release

The basal nitrite levels, present as contaminants in
nonperfused normoxic and hypoxic aliquots of HBSS,
tended to be lower in hypoxic than in normoxic HBSS
(figs. 2 and 3). When HBSS was used to superfuse the
cells, its NO+NO," content did not increase significantly
in normoxia, but it did in hypoxia (fig. 2). Since there
were no extraneous sources of NO, in this study, NO+NO,
accumulation reflected the rate of NO synthesis and/or
degradation.

The increased amount of NO+NO, in the hypoxic
superfusate was not due to a different post-synthetic
degradation and/or partition of NO. When NO synthesis
was excluded (by removing the cells from the system)
and simulated by NO injection, the levels of NO+NO,
in hypoxic plates equaled those in normoxic plates (fig.
3).
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Fig. 2. — Hypoxia increases the accumulation of stable NO metabolite,
NO,, in the superfusate of pulmonary artery endothelial cells. The
amount of NO+NO, in Hank's balanced salt solution (HBSS) was
measured before and 10 min after HBSS was used to superfuse cul-
tured cells, either in normoxia or hypoxia. Significant accumulation
of NO+NO, in the superfusate of the cells occurred only in hypoxia.
Data are presented as meantsem (n=10 per group). 2 : before super-
fusion of the cells; ]: after 10 min of superfusion. Ns: nonsignifi-
cant.
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Fig. 3. — Moderate hypoxia did not alter the post-synthetic NO

degradation/partition. The amount of NO+NO," was measured in the
same system as in figure 2 but without the cells, before and 10 min
after injection of 25 pl of saturated NO solution (2 mM). NO+NO,
levels were elevated equally under hypoxic and normoxic conditions
(by 6.4+1.2 and 6.4+0.7 pM, respectively). Data are presented as
meantseM (n=3 per group). EE0: before NO;—J: 10 min after NO.
Ns: nonsignificant.

In plates containing cells, hypoxia did not significan-
tly change the NO+NO, levels in the presence of thap-
sigargin (19.2+10.7 nM in normoxia, 20.8£15.8 nM in
hypoxia). However, thapsigargin did increase basal NO
synthesis. The NO+NO, values were higher (p<0.05)
in the presence of thapsigargin (20.0+£8.8 nM; normoxic
and hypoxic values pooled) than with its solvent (DMSO)
alone (2.3+0.9 nM; normoxic and hypoxic values pool-
ed).

Bk, administered in the presence of superoxide dismu-
tase, increased NO+NO, levels more (p<0.05) in hy-
poxia (+47.3£12.2%) than in normoxia (+14.01£2.5%).
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Intracellular calcium

With the addition of Ca?t into the bath at the begin-
ning of perfusion, [Ca?*]i first rose quickly, and then it
slowly equilibrated to a level significantly higher than
that before Ca2* was given (figs. 4 and 5). Drainage of
the plate during the switches between normoxic and
hypoxic perfusion (and vice versa) resulted in a transient,
parallel increase both in 340 and 380 nm induced light
emission, which did not alter the 340/380 nm ratio and,
thus, had no effect on calculated [Ca?*]i.

Intracellular free calcium concentration increased rap-
idly with hypoxia (figs. 4 and 5). The hypoxic change
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Fig. 4. — A representative trace of [Ca?*]i from one plate of cultured
pulmonary artery endothelial cells in the presence of 1 mM extracellu-
lar Ca?*. Acute hypoxia transiently increases [Ca**]i.

500 -

400 -
= 3001
=
‘&
€. 200 1

1 OO T K

1
0 t Bradykinin
3 min

Fig. 5. — Reduced extracellular Ca?* concentration diminishes [Ca2*]i

and its increase with bradykinin but not with hypoxia in pulmonary
artery endothelial cells. Average timing of the peak responses to Ca?*,
hypoxia, and bradykinin is shown. Calcium (1 mM) was added to the
perfusate in 17 plates but not in another 12 plates. The response to
bradykinin is not shown for plates where bradykinin was given during
hypoxia, but they were not significantly different from those shown
here (252458 nM in five Ca?* replete and 110+19 nM in six Ca?* free).
Data are presented as meantsem. *: p<0.05 Ca?* replete vs Ca?* free;
T: p<0.01 Ca?* replete vs Ca?* free. : Ca* replete; - - - - - : Ca?*
free.

in [Ca?']i appeared as a transient "spike", which return-
ed to baseline within 40+6 s (fig. 4). This signal was
not an artifact caused by the manipulation of perfusates,
since an identical manipulation during the switch from
hypoxic to normoxic superfusion had no effect on [Ca?*]i
(fig. 4). Hypoxia did not significantly diminish the Bk-
induced increase in [Ca?]i (fig. 6).

When Ca?* was not added to the baths, the measured
levels of [Ca?*]i were significantly reduced throughout
the protocol (fig. 5). The magnitude of the hypoxic Ca?*
spike, however, was not reduced by low extracellular
Ca?* (table 1, figs. 5 and 6). On the other hand, the rise
in [Ca?*]i caused by Bk was reduced (table 1, figs. 5 and
6).

Under normoxic conditions, thapsigargin, unlike its
solvent, caused a dose-dependent [Ca2t]i peak (fig. 7)
followed by a steady [Ca*']i level, which was slightly
higher than before thapsigargin administration. Res-
ponses to hypoxia and Bk were significantly reduced by
thapsigargin (table 1). Ryanodine also reduced both the
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0
Hypoxia Bk during Bk during
normoxia hypoxia
Fig. 6. — Extracellular Ca?+ depletion reduces the increase in pul-

monary artery endothelial [Ca?*]; in response to bradykinin (Bk) but
not hypoxia. The vertical axis shows the peak change in [Ca?*]i in
response to the interventions listed along the horizontal axis. In 12
plates, no extracellular Ca?* was added ("Ca?* free"), whereas 1 mM
Ca2+ was added to the perfusate in 17 plates ("Ca?*replete"). Bradykinin
was given during normoxia in 12 Ca?* replete and six Ca?* free plates,
and during hypoxia in the rest of the plates. Data are presented as
meantseM. *: p<0.05 Ca?+ free vs Ca?* replete. I : Ca?* replete;
] : Ca* free.

Table 1. — Cytosolic calcium levels in bovine pulmonary
artery endothelial cells

Plates Basal Hypoxia  Bradykinin
n nM nM nM
Control 12 116£12 2574557 412+80°
Ca?+ free 6 69+6* 187237 117£21%*
Thapsigargin 4 109422 100+14* 107+23*
Ryanodine 7 8547 116£12* 2204267

Only those experiments where bradykinin (10® M) was given
during normoxia are shown here. Data are presented as
meantseM. Except for the "Ca2+ free" group, the experiments
were perfor-med in the presence of 1 mM extracellular Ca?*.
Thapsigargin (10° M) or ryanodine (10 M) were given 5-10
min prior to the exposure to acute hypoxia. *: p<0.05 value
differs from control; : p<0.05 value differs from basal.



520 V. HAMPL ET AL.

300

250

0 100 109 10% 107 106
Thapsigargin M

Fig. 7. — Thapsigargin causes dose-dependent increase in intracell-
ular Ca?* levels in pulmonary artery endothelial cells. Data are pre-
sented as meantsem (n=4 plates) of peak value achieved with each
dose. Vehicle (DMSO) was given in the volume equal to that given
with the highest thapsigargin dose. *: p<0.01 value differs from previous
dose; : p<0.05 value differs from previous dose.—@— : thapsigar-
gin; W : vehicle. DMSO: dimethyl sulphoxide. Note that the
vertical axis is cut-off from zero.

hypoxia- and Bk-induced rise in [Ca?]i, although not as
effectively as thapsigargin (table 1). Ryanodine did not
increase normoxic [Ca2t]i.

Discussion

The objective of this study was to directly measure the
effect of acute hypoxia on basal and Bk-evoked NO
synthesis and its triggering mechanism, [Ca?*]i, in cul-
tured pulmonary artery endothelial cells. The primary
finding is that hypoxia elevates pulmonary endothelial
NO synthesis and transiently increases [Ca?*]i. The
hypoxic increase in [Ca?*]i is not reduced when Ca?* is
omitted from the cells' bath but is prevented by pretreat-
ment with drugs known to deplete intracellular Ca?* stores,
thapsigargin and ryanodine. Moreover, hypoxia does
not inhibit the Bk-stimulated increase in endothelial [Ca2t]i,
and enhances Bk-induced NO release. These data de-
monstrate that acute exposure to moderate hypoxia,
independent of vasoconstriction, promotes NO synthe-
sis. Furthermore, acute hypoxia does not interfere with
the role of cytosolic Ca?* as a second messenger in pul-
monary artery endothelial cells.

NO synthase is a dioxygenase, which catalyses the
reaction between molecular oxygen and L-arginine. Con-
sequently, severe lack of oxygen (Po, <3.7 kPa (<28
mmHg)) may reduce NO synthase activity [34]. How-
ever, in intact cells the activity of the constitutive NO
synthase is primarily regulated by [Ca?*]i [20]. Indeed,
when the production of NO by the pulmonary vascula-
ture was measured in rats during chronic exposure to
moderate hypoxia, it was increased, rather than reduced
[14]. The current study advances our understanding of
the mechanism by which hypoxia can elicit NO syn-
thesis. In this in vitro model, hypoxia increased endo-

thelial NO production independent of other cell types,
shear stress, vasoconstriction, and superoxide ions.

This study attempted to use a degree of hypoxia which
is relatively mild and could be tolerated in vivo. For
example, healthy young men on Mt. Everest's summit
(after several weeks of acclimatization) have arterial Po,
levels of ~5.3 kPa (~40 mmHg) [35], which represents
the limit of hypoxia survivable for a short time by humans.
Most of the pulmonary endothelium, including that of
relatively large arteries (<2 mm) is exposed to alveolar,
rather than venous, Po, [36]. The Po, of ~5.3 kPa (~40
mmHg) thus appears to be the lower limit of physiologi-
cal hypoxia for the vessels most important in the regula-
tion of pulmonary haemodynamics. The cells we used
originate from the proximal pulmonary artery, where Po,
is equal to central venous rather than alveolar Po,. How-
ever, they were grown in a 21% O, atmosphere for sev-
eral weeks prior to the measurements, and had probably
adapted to a higher Po,. For this reason, we choose Po,
of 5.3 kPa (40 mmHg) as the hypoxic stimulus in this
study.

WARREN et al. [16] measured relaxation of denuded,
precontracted vascular rings superfused with effluent from
cultured pulmonary artery endothelial cells which were
exposed to Bk at varying degrees of hypoxia. They
concluded that hypoxia impairs the release of endothe-
lium-derived relaxing factor. However, in order to ob-
serve this they had to expose the cells to a near anoxic
Po, of 2 kPa (15 mmHg) for at least 26 min. When they
exposed the cells to a more physiological degree of hy-
poxia (Po, 5.6 kPa (42 mmHg)), the activity of endothe-
lium-derived relaxing factor was not inhibited. NO was
not measured in their study. In a more recent study, Po,
of 2.7 kPa (20 mmHg) was found to increase [Ca2*]i and
guanylate cyclase activity (marker of NO synthesis) in
human umbilical vein endothelial cells [37].

Two observations indicate that the transient increase
in [Ca?*]i caused by hypoxia in this study resulted from
release of intracellular Ca2+, probably from the endoplas-
mic reticulum (ER). Firstly, the hypoxic increase in
[Ca?*]i was unchanged in nominally Ca2* free HBSS (table
1). Although we did not use a Ca?* chelator to eliminate
traces of extracellular Ca?t, the significantly reduced
response to Bk indicates effective Ca?* removal.

A second piece of evidence for an intracellular source
of the hypoxic [Ca?]i spike is its inhibition by thapsi-
gargin and ryanodine. Thapsigargin is a high affinity
inhibitor of intracellular Ca2+ transport adenosine tri-
phosphatases (ATPases) [25]. Inhibition of these pumps
inactivates the Ca?* sequestering activity of the ER and
depletes inositol-1,4,5-triphosphate-sensitive Ca2* stores
[25]. Consistent with this concept, thapsigargin increa-
sed the pulmonary endothelial [Ca?*]i levels in this and
in a previous study [24]. Ryanodine depletes ER Ca2*
stores by fixing the ER Ca?* release channel in an open-
subconductance state, which makes the ER leaky to Ca2*
[26]. The inhibitory effect of ryanodine also strongly
supports involvement of the ER as a source of the hy-
poxic [Ca?]. spike. Thapsigargin and ryanodine have
been shown to inhibit increases in [Ca?*]i caused by acute
hypoxia in pulmonary vascular myocytes [38—40].
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STEVENS et al. [24] found that hypoxia ~5.3 kPa (~40
mmHg) reduced [Ca?*]i in pulmonary artery endothelial
cells after ~10 min [24]. We were interested in the
immediate response of [Ca?]i to the change in Po,. On
review of the data of STEVENS et al. (fig. 3 in [24]) there
seems to be an initial increase in [Ca2*]i similar to the
current study. Only after 10-15 min of hypoxia did
[Ca*]i decrease in their study. A composite picture of
the effects of hypoxia on pulmonary endothelial [Ca*]i
appears to include an initial transient increase, follow-
ed by a return to baseline, and later a decrease. In
addition, our results provide evidence that the initial spike
is caused by the Ca?* release from intracellular stores,
probably including ER, whereas STEVENS et al. [24] show-
ed that the delayed [Ca?*]i decrease appears to be related
to the changes in the Ca?* flux across the plasma mem-
brane [24].

Although the relative importance of these contrasting
effects of hypoxia on [Ca?]i for NO synthesis remains
to be elucidated, the elevated NO production during
the first 10 min of hypoxia substantiates the biological
relevance of the transient increase in [Ca?*]i. This is
further supported by the ability of thapsigargin to prevent
both the hypoxic increases in [Ca?*]i and NO+NO,. Our
observation of the marked ability of thapsigargin to in-
crease NO synthesis agrees with the previously reported
ability of thapsigargin to elicit endothelium-dependent
vasorelaxation sensitive to inhibitors of NO synthesis
[41, 42].

To study the possibility that increased NO,™ accumula-
tion was due to altered post-synthetic degradation and/or
partition of NO in hypoxia, we measured NO+NO,™ levels
in our system with variations in NO synthesis excluded.
To do so, we replaced the variable cellular NO synthe-
sis with an injection of an exact NO dose. The results
(fig. 3) clearly show that under the conditions of our
experiment the degradation/partition of NO did not differ
between normoxia and hypoxia. Furthermore, the remote
possibility that hypoxic solutions contain more NO+NO,
than normoxic solutions was excluded by measurements
of HBSS during normoxia and hypoxia before it was
used for perfusion of the cells (figs. 2 and 3).

Hypoxia reduces pulmonary synthesis of oxygen-deri-
ved free radicals [43]. One of them, superoxide ion, is
known to rapidly inactivate NO by forming peroxynitrite
[44]. One possible explanation for higher NO+NO,
levels in hypoxia might, thus, be that cultured endothe-
lial cells produced less superoxide in hypoxia than in
normoxia, and so less superoxide was available during
hypoxia to inactivate NO. To study this possibility, we
added superoxide dismutase to HBSS in the experiments
with Bk. When the influence of superoxide was exclu-
ded by the presence of superoxide dismutase, the NO+NO,
levels were still higher in hypoxia than in normoxia,
indicating that alterations in superoxide production were
not responsible for increased NO+NO,™ levels in hypo-
xia. Taken together, these experiments show that the
increased NO+NO, accumulation in hypoxia was due to
increased NO synthesis.

Acute hypoxia did not interfere with NO synthesis and
[Cat]i transients caused by Bk, a peptide which causes

NO synthesis by binding a receptor and increasing [Ca?*]i.
Bk increases [Ca?']i, in part, by releasing intracellular
Ca?* but this effect is reinforced by entry of extracellular
Caz+ [22, 23, 27, 45]. In the current experiment, the
most obvious difference in the endothelial [Ca?*]i res-
ponse to hypoxia and Bk was the partial dependence of
Bk on extracellular Ca?+, contrasted with the independence
of hypoxia. Bk-induced increases in [Ca?*]i were comple-
tely eliminated by thapsigargin. The fact that extracel-
lular Ca?* enhances the Bk response and yet the Bk
response is inhibited by thapsigargin suggests that Bk
may cause Ca?* mediated Ca?* entry (e.g. an initial release
of intracellular Ca?* promotes influx of Ca?* across the
plasma membrane). The results show that acute hypoxia
does not block the signal transduction necessary for NO
synthesis in the pulmonary artery endothelium.

In conclusion, hypoxia causes a transient increase in
pulmonary artery endothelial [Ca?']i, which is due pri-
marily to the release of Ca?* from intracellular stores.
The same level of hypoxia (~5.3 kPa (~40 mmHg)) does
not inhibit Bk-induced increase in [Ca?*]i. A physiologi-
cally relevant degree of hypoxia promotes NO synthesis
by the pulmonary artery endothelium.
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