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ABSTRACT: To test the hypothesis that an acute increase in O2

tension increases cytosolic calcium ([Ca2�]i) in fetal pulmonary
artery endothelial cells (PAECs) via entry of extracellular calcium
and subsequent calcium-induced calcium release (CICR) and nitric
oxide release, low-passage PAECs (�10 passages) were isolated
from the intralobar pulmonary artery (PA) of fetal sheep and main-
tained under hypoxic conditions (PO2, 25 Torr). Using the calcium-
sensitive dye fura-2, we demonstrated that acute normoxia (PO2 �
120 Torr) increased PAECs [Ca2�]i by increasing the rate of entry of
extracellular calcium. In the presence of either ryanodine or 2-ami-
noethoxy-diphenylborate (2APB), normoxia did not lead to a sus-
tained increase in PAECs [Ca2�]i Whole-cell patch clamp studies
demonstrated that acute normoxia causes PAEC membrane depolar-
ization. When loaded with the nitric oxide (NO)–sensitive dye, DAF
- FM, acute normoxia increased PAEC fluorescence. In PAECs
derived from fetal lambs with pulmonary hypertension, an acute
increase in O2 tension had no effect on either [Ca2�]i or NO
production. Hypoxia increases loading of acetylcholine-sensitive cal-
cium stores, as hypoxia potentiated the response to acetylcholine We
conclude that acute normoxia increases [Ca2�]i and NO production
in normotensive but not hypertensive fetal PAECs via extracellular
calcium entry and calcium release from calcium-sensitive intracellu-
lar stores. (Pediatr Res 60: 258–263, 2006)

In the fetus, pulmonary blood flow is limited. At birth,
pulmonary blood flow increases eight- to 10-fold (1) and

pulmonary arterial pressure decreases to 50% of systemic
levels within 24 h after birth (2). The critical physiologic
stimuli that account for perinatal pulmonary vasodilation in-
clude rhythmic distention of the lung (3), an increase in both
shear stress (4), and oxygen tension (5). In response to phys-
iologic stimuli, the pulmonary endothelium elaborates vaso-

active mediators such as NO (6), endothelin (7), bradykinin,
and prostaglandins. PAEC NO production is necessary (8),
although not always sufficient, for the transition of the pul-
monary circulation from a high to low resistance circuit.

Vasoactive products produced by the PAECs simulta-
neously preserve and constrain fetal pulmonary blood flow.
During fetal life, inhibition of endothelin, a vasoconstrictive
protein produced by the endothelium (7), causes marked
pulmonary vasodilation (9). Conversely, inhibition of NO
increases pulmonary vascular resistance (8). Among the most
important functions of the PAECs is the ability to sense and
respond to an increase in oxygen tension at birth. Interest-
ingly, the capacity of the pulmonary circulation to sense and
respond to an acute increase in oxygen tension is develop-
mentally regulated. Not until gestation is approximately 85%
complete is the fetal pulmonary circulation able to respond to
an increase in oxygen tension (10). Vasodilator agents that act
through endothelial cell–mediated mechanisms produce only
transient pulmonary vasodilation (5,11). Perhaps the relatively
narrow developmental window wherein the fetal pulmonary
circulation is able to respond to an increase in oxygen tension
serves a protective purpose as either too much (12) or too little
(13) pulmonary blood flow compromises pulmonary vascular
development.

The capacity of PAECs to produce NO (14) may underlie
the exquisite sensitivity of the late-gestation pulmonary cir-
culation to an increase in oxygen tension (15). Although the
response of PAECs to an acute increase in oxygen tension is
biologically imperative, whether and how fetal PA endothelial
cells sense and respond to acute increase in oxygen tension
remains incompletely understood.

Because intracellular cytosolic calcium ([Ca2�]i) is central
to the signal transduction cascade and production of NO by
endothelial cells (16), we hypothesized that an acute increase
in oxygen tension increases fetal PAEC [Ca2�]i and NO
production. Moreover, because oxygen-induced fetal pulmo-
nary vasodilation is attenuated in fetal lambs with chronic
intrauterine pulmonary hypertension (17), we hypothesized
that an acute increase in oxygen tension would have a rela-
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tively attenuated effect on [Ca2�]i and NO production in
PAECs derived from lambs with chronic intrauterine pulmo-
nary hypertension. To test these hypotheses, the effect of an
acute increase in oxygen tension was determined in PAECs
derived from late-gestation fetal lambs with and without
chronic intrauterine pulmonary hypertension. The present ex-
perimental series provides data that acute normoxia increases
[Ca2�]i and NO production from normal but not hypertensive
PAECs.

METHODS

Animals. The procedures used in these studies were reviewed and ap-
proved by the Animal Care and Use Committee at the University of Minne-
sota Medical School.

Cell culture. Techniques used for cell isolation and culture have been
previously described (18,19). Late-gestation fetal sheep (term � 147 d) from
ewes with time-dated pregnancies were used in this study.

Distal (fourth generation or more) PAs were quickly excised and placed in
minimal essential media (0.2 mmol/L Ca2�). Low-passage PAECs (�10
passages) were isolated from the macrovasculature (fourth generation) of
late-gestation fetal sheep (135 d), cultured on acid-washed glass coverslips
(25-mm circle; Fisher Scientific, Pittsburgh, PA). Seeded coverslips were
placed in 35-mm culture plates with 1.5 mL of RPMI 1640 with 10% fetal
bovine serum, 10% fetal lamb serum, 1% penicillin, 0.15% nystatin, 0.15%
gentamicin, 0.8% tysolin, and 1% ampicillin. Cells were maintained at 37°C
in a humidified mixture of 5% O2 and 5% CO2.

Chronic intrauterine pulmonary hypertension model. Surgical ligation of
the ductus arteriosus (DA) was performed as previously described (20). Seven
to 10 d after surgical ligation of the DA, animals were euthanized rapidly after
high-dose maternal and fetal infusions of pentobarbital sodium, and the
PAECs were harvested.

Experimental conditions. Fetal PAECs were maintained in a low oxygen
tension environment (25 torr). To evaluate the effect of acute normoxia,
oxygen tension was increased to 120 Torr.

Ca2� imaging. To assess dynamic changes in [Ca2�]i in individual
PAECs, the Ca2�-sensitive fluorophore fura-2–AM (Molecular Probes) was
used as previously described (21). Confluent monolayers of fetal ECs on
25-mm2 glass coverslips were placed on the stage of an inverted micro-
scope (Nikon Diaphot). Cells were loaded with 10 nmol/L fura-2–AM and
2.5 �g/mL pluronic acid (Molecular Probes) for 20 min, followed by 20 min
in Ca2�-containing solution to allow for de-esterification before the experi-
ment. For each experiment, eight to 10 cells were visualized and ratiometric
data were acquired from individual cells.

Electrophysiology studies. PAECs maintained in culture were prepared
and stored in a hypoxic Ca2�-free Hanks solution (see “Solutions and drugs”
section). Single cells were enzymatically dispersed using a papain digestion
protocol. Briefly, cells were incubated for 30 min at 4°C in Hanks solution
containing 0.5 mg/mL papain, 1 mg/mL albumin, and 1 mg/mL dithiothreitol,
without ethyleneglycol-bis-(�-aminoethylether)-N,N,N=,N=-tetraacetic acid
(EGTA), and then incubated at 37°C for 15–20 min. The cells were washed
thoroughly in enzyme-free Hanks solution for at least 10 min and then
maintained at 4°C. Several digestions were done each day to ensure cell
viability. All cells were studied in identical conditions within 2 h of prepa-
ration.

Whole-cell recordings were performed using the amphotericin-perforated
patch-clamp technique as previously reported (20). Membrane potential sta-
bility was always determined for at least 1 min before any recording. The data
were stored and analyzed with commercially available software (pCLAMP
version 8.1; Axon Instruments). All experiments were performed at 30°C and
in low light intensity because of the light sensitivity of amphotericin B.

NO determination. Two separate techniques were used to evaluate the
effect of an acute increase in oxygen tension on NO production: fluorescent
microscopy and an assay for nitrite and nitrate production. In fluorescent
microscopy experiments, PAECs were loaded with the NO-sensitive dye
DAF-FM (Molecular Probes) for 30 min under conditions of hypoxia. After
30 min, cells were washed with hypoxic buffer to allow for deacetylation.
Green fluorescence intensity was measured with excitation at 495 nm and
emission at 515 nm. The single wavelength dye DAF-FM increases fluores-
cence emission intensity concomitant with an increase in NO production.
After loading of the endothelial cells under hypoxic conditions, oxygen
tension was acutely increased. Fluorescence emission intensity was continu-
ously monitored. In a separate set of experiments, PAECs were treated with

the competitive antagonist of NO, nitro-L-arginine, immediately before and
during the acute increase in oxygen tension To ensure that experimental
findings were not the result of using only a single experimental technique,
PAECs were grown in MCDB 131/10% fetal calf serum and distributed into
collagen-coated 12-well plates and grown in hypoxia. After cells reached
confluence, fresh, prewarmed, hypoxic solution (0.25 mL) was placed on the
cells. As controls, blank wells without cells were treated in the same manner.
After 24 h, the medium was collected, frozen, and replaced with prewarmed
normoxic medium. This supernatant was collected and frozen at 24 h for NO
determination. Total nitrate � nitrite were assayed with a fluorometric
Nitrate/Nitrite Assay kit (Cayman Chemical, Ann Arbor, MI). Standards were
analyzed in medium and fluorescence values of media blanks were subtracted.
The cells were counted in a Coulter counter (Beckman Coulter, Fullerton,
CA). Data were calculated as micromole per liter divided by cell number.

Solutions and drugs. The Hanks solution contained (in mmol/L) 145
NaCl, 4.2 KCl, 1 MgCl2, 1.2 KH2PO4, 10 N-2-hydroxyethylpiperazine-N1-
2-ethanesulfonic acid (HEPES), 10 glucose, and 0.1 EGTA (pH was adjusted
to 7.4 by KOH). The extracellular or experimental solution contained (in
mmol/L) 115 NaCl, 5.4 KCl, 1 MgCl2, 1.8 CaCl2, 25 NaHCO3, 10 HEPES,
and 10 glucose (pH 7.4 with NaOH). For electrophysiology studies, the
standard intracellular pipette solution contained (in mmol/L) 145 KCl, 1
MgCl2, 1 EGTA, 10 HEPES, and 120 �g/mL amphotericin B (pH was ad-
justed to 7.3 by KOH). For manganese quenching experiments, cells were
superfused with a calcium-free solution containing MnCl2 (0.5 mmol/L).

2-Aminomethoxy-diphenylborate (2APB) was purchased from Calbio-
chem (Laeufelfingen, Switzerland). Cyclopiazonic acid (CPA), a Ca2�-
ATPase inhibitor, which passively empties inositol triphosphate (IP3)–
sensitive Ca2� stores was obtained from Alexis Biochemical (San Diego,
CA). All fluorescent probes and pluronic f-127 were obtained from Molecular
Probes (Eugene, OR). All other compounds were purchased from Sigma
Chemical Co. (St. Louis, MO). The drug solutions were adjusted to pH 7.4
before use.

The effect of hypoxia was studied by switching between normoxic and
hypoxic perfusate reservoirs. Normoxic solutions were equilibrated with 21%
O2, 5% CO2, and 74% N2. Hypoxic solutions were achieved by bubbling with
0% O2 (plus 5% CO2-balance N2) for at least 20 min before cell perfusion.
These procedures produced PO2 values in the cell chamber of 125 Torr (21%
O2) and 24–30 mm Hg (hypoxia O2). PCO 2 was 36–42 mm Hg, and pH was
7.37–7.42 under these conditions. O2 levels were measured with a Rapidlab
Chiron blood gas analyzer.

Statistical analysis. Throughout, results are presented as means � standard
error (SE). Statistical significance was tested with a t test (paired or unpaired
as appropriate); p � 0.05 was taken as the threshold level for statistical
significance. Experiments were designed to have a statistical power of at least
90% at a probability level of p � 0.05. A two-way analysis of variance with
repeated measures and a Student-Newman-Keuls post hoc test were used to
assess the differences between and among groups in electrophysiology and
manganese quenching experimental protocols. Values are expressed as means
� SE.

RESULTS

Effects of an acute increase in PO2 on [Ca2�]i in PAECs.
To determine the effect of an acute increase in PO2 on [Ca2�]i,
baseline [Ca2�]i measurements were obtained under hypoxic
conditions for 5 min. Acute normoxia increased PAECs
[Ca2�]i (Fig. 1) within 4 min (p � 0.016). Thirty minutes after
the switch to normoxia, the ratio of 340:380-nm wavelength
emission intensity had increased by 14.2 � 0.5% (n � 77; 10
coverslips; five animals; p � 0.01, versus baseline). In PAECs
derived from animals with chronic intrauterine pulmonary
hypertension, acute normoxia had no effect on the ratio of
340:380-nm wavelength emission intensity over the 30-min
study period (percentage of change, 1.2 � 0.9%; n � 56;
seven coverslips, three animals; p � 0.05, versus baseline).
Contribution of extracellular Ca2� entry to oxygen-

induced increase in PAECs [Ca2�]I. PAECs were superfused
with zero-Ca2� buffer concomitant with an acute increase in
PO 2. In the presence of zero-Ca2� buffer, acute normoxia had
no effect on PAECs [Ca2�]i (Fig. 1). With the reintroduction
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of extracellular calcium, normoxia increased the ratio of
340:380-nm emission intensity (n � 49; eight coverslips, four
animals; p � 0.01, versus baseline normoxia and zero-
extracellular calcium). The dihydropyridine-sensitive voltage-
operated calcium channel blocker nifedipine (10�6 mol/L) had
no effect on either baseline fluorescence intensity (n � 54;
eight coverslips, four animals; p � 0.05, versus baseline) or
on the normoxia-induced increase in PAECs [Ca2�]i (p �
0.05, versus control cells).
Effects of an acute increase in PO 2 on the rate of extra-

cellular Ca2� entry in PAECs. Mn2� containing, zero-Ca2�

solution was superfused over PAECs, and the rate of fura-2
signal quenching was measured before and after an acute
increase in PO2. Over sustained exposure to hypoxia (30 min),
the rate of fura-2 quenching was �0.118 (fluorescence units
over time; R 2 � 0.9872). Concomitant with an acute increase
in oxygen tension, the rate of fura-2 quenching increased by
almost 10-fold to �1.114 (Fig. 2; R2 � 0.9725; n � 115 cells;
12 coverslips, five animals; p � 0.001 hypoxia versus nor-
moxia).
Role of intracellular Ca2� release on O2-induced increase

in [Ca2�]i. Under hypoxic conditions, neither cyclopiazonic
acid (CPA; 10 �mol/L; n � 42 cells; five coverslips, three
animals) nor ryanodine (5 �mol/L; n � 38 cells; five cover-
slips, three animals) at a dose that blocks release of Ca2� from
ryanodine-sensitive stores had an effect on basal PAECs
[Ca2�]i. In the presence of ryanodine, acute normoxia initially
increased PAECs [Ca2�]i, although the increase was attenu-
ated through the remainder of the 30 min of normoxic expo-
sure (Fig. 3). In the presence of CPA, acute normoxia had no
effect on PAECs [Ca2�]i.
Effect of 2-APB, a pharmacologic antagonist of the ino-

sitol triphosphate-sensitive store, on hypoxic PAECs [Ca2�]i
and on O2-induced increase in [Ca2�]i. To determine the role
of Ca2� release on basal PAECs, [Ca2�]i under conditions of

hypoxia and upon the O2-induced increase in PAECs [Ca2�]i,
2-APB, a blocker of Ca2� release from IP3-sensitive stores,
was administered to fura-2 loaded PAECs under hypoxic
conditions. 2-APB (5 � 10�5 mol/L; n � 27 cells; four
coverslips, three animals) increased PAECs [Ca2�]i under
hypoxic conditions (p � 0.01, versus baseline). In the pres-
ence of 2-APB (10�6 mol/L; n � 51 cells; six coverslips, three
animals), acute normoxia had no effect on PAECs [Ca2�]i.
Effects of an acute increase in PO2 on PAEC membrane

potential. In hypoxic conditions, PAEC resting membrane
potential was �43 � 0.5 mV. With an acute increase in
oxygen tension, PAEC resting membrane potential decreased
to �39 � 0.4 mV (p � 0.008; n � 5; three animals).
Effects of K� channel blockers on [Ca2�]i. Under hypoxic

conditions, PAECs were treated with either glibenclamide

Figure 1. Effect of an acute increase in oxygen tension on fetal PAECs
[Ca2�]i. With an acute increase in oxygen tension, the ratio of 340:380-nm
fluorescence emission intensity increases progressively over the duration of
the study period (black squares). In the absence of extracellular calcium
(shaded diamonds), an acute increase in oxygen tension has no effect on
PAECs [Ca2�]i. (*p � 0.01 vs 0 calcium). Data are expressed as the
percentage of change in signal intensity (y axis) from baseline vs time (x axis).

Figure 2. Effect of an acute increase in oxygen tension on the rate of
manganese quenching of the fura-2 fluorescence signal intensity in fetal
PAECs. The rate of fura-2 florescence signal intensity quenching is greater
after an increase in oxygen tension from hypoxia (slope � �0.114; shaded
dashed line) to normoxia (slope � �1.118; black dashed line; p � 0.001,
hypoxia vs normoxia). The increase in the rate of fura-2 signal quenching
indicates that extracellular calcium enters the cell more rapidly under condi-
tions of normoxia than hypoxia.

Figure 3. Effect of ryanodine on the oxygen-induced increase in fetal PAEC
cytosolic calcium. In the presence or absence of ryanodine (shaded line), an
acute increase in oxygen tension increased the ratio of 340:380-nm fluores-
cence emission intensity in fetal PAECs for the initial 10 min of normoxic
exposure. Over the subsequent 15 min of exposure to normoxia, PAECs
[Ca2�]i decreased, although remaining above baseline values (*p � 0.01, vs
ryanodine; **p � 0.01, vs baseline). Data are expressed as percentage change
in signal intensity (y axis) from baseline vs time (x axis).
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(10�5 nmol/L), 4-aminopyridine (4-AP) (10�3 mol/L), or
tetraethylammonium (TEA) (10�3 mol/L). Glibenclamide, a
blocker of ATP-sensitive K� channels, had no effect on PAEC
[Ca2�]i. Either TEA (n � 46; five coverslips, three animals),
a KCa channel blocker in millimolar concentrations (22), or
4-AP (n � 52; five coverslips, three animals), a KV channel
blocker, increased PAEC [Ca2�]i (p � 0.01, versus baseline
for either TEA or 4-AP). Treatment with 4-AP and TEA
together resulted in an 11.4 � 0.4% increase in [Ca2�]i (p �
0.01; n � 47 cells; five coverslips, three animals; Fig. 4).

Effect of oxygen tension on acetylcholine-induced in-
crease in PAEC [Ca2�]i. Fura-2–loaded hypoxic or normoxic
PAEC were treated with acetylcholine in log-order increasing
doses (10�7 through 10�2 mol/L). PAECs were treated with
acetylcholine under either hypoxic conditions or after �4 min
of acute normoxia. Acetylcholine caused a greater increase in
hypoxic (n � 67 cells; seven coverslips, four animals), com-
pared with normoxic (n � 72 cells; seven coverslips, four
animals), PAEC [Ca2�]i at every concentration studied
(Fig. 5, p � 0.01, hypoxia versus normoxia for each concen-
tration). The increase reported in Figure 5 represents the
plateau level of emission intensity reached within 3 min of
treatment with acetylcholine.
Effect of an increase in oxygen tension on NO production

in normal and hypertensive PAECs Under hypoxic condi-
tions, NO production was 0.110 � 0.074 nmol of NO (nano-
moles per 105 PAECs) in control cells and 0.052 � 0.04
�mol/L NO in hypertensive cells (p � 0.02, control versus
hypertensive). Normoxia increased NO production to 0.869 �
0.22 �mol/L NO in control cells (p � 0.01 versus hypoxia),
but not in hypertensive PAECs (0.182 � 0.03 �mol/L NO;
p � not significant [NS], versus hypoxia).

As depicted in Figure 6, membrane fluorescence in PAECs
loaded with DAF-FM diacetate (Molecular Probes) increased
from 105 � 0.8 to 133 � 1.0 at 30 min (p � 0.001)
concomitant with an acute increase in O2 tension. An acute
increase in O2 tension did not increase fluorescence in nitro-

L-arginine–treated PAECs (n � 23 cells; three coverslips,
two animals). In DAF-FM–loaded PAECs derived from fetal
lambs with chronic intrauterine pulmonary hypertension, an
acute increase in O2 tension increased membrane fluorescence

Figure 4. Effect of K� channel blockers on the ratio of 340:380-nm fluores-
cence emission intensity in fetal PAECs. Either TEA (10�3 mol/L) or 4-AP
increased PAEC membrane fluorescence (*p � 0.01, vs TEA; **p � 0.01, vs
baseline). The combination of TEA and 4-AP produced a greater increase in
PAEC [Ca2�]i than either agent alone (p � 0.001, TEA � 4-AP, vs either
TEA or 4-AP). Data are expressed as the percentage of change in signal
intensity (y axis) from baseline vs K� channel blocker (x axis).

Figure 5. Effect of hypoxia on acetylcholine-induced increase in the ratio of
340:380-nm fluorescence emission intensity in fetal PAECs. Acetylcholine
caused a dose-related increase in the ratio of 340:380-nm fluorescence
emission intensity in fetal PAECs under either hypoxic or normoxic condi-
tions (*p � 0.001, hypoxia vs baseline). However, for each concentration of
acetylcholine studied, the increase in PAEC [Ca2�]i was greater under
conditions of hypoxia than normoxia (**p � 0.001, hypoxia vs normoxia).
Data are expressed as the percentage of change in signal intensity (y axis)
from baseline vs concentration of acetylcholine (x axis).

Figure 6. Effect of an acute increase in oxygen tension on NO production in
fetal PAECs. An acute increase in oxygen tension caused an increase in
DAF-FM membrane fluorescence (*p � 0.01 vs baseline, **p � 0.001, vs
control; solid black line). With ongoing hypoxia (hypoxic time control;
shaded line), there was no change in fetal PAEC DAF-FM membrane
fluorescence. When fetal PAECs derived from fetal lambs with chronic
intrauterine pulmonary hypertension (Hypertensive) were exposed to acute
normoxia, there was no increase in DAF-FM membrane fluorescence.
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by only 1.7 � 0.8% (n � 31 cells; four coverslips, two
animals; p � 0.05 versus hypoxia; p � 0.001 versus control
cells).

DISCUSSION

We report that an acute increase in PO 2 directly increases
[Ca2�]i in fetal PAECs (Fig. 1). With an acute increase in
oxygen tension, the rate of calcium entry into PAECs in-
creases (Fig. 2) and PAECs depolarize (Fig. 3). The sustained
and progressive increase in PAEC [Ca2�]i entails calcium
release from intracellular stores as previously reported (14,23)
and increases PAEC NO production. As acetylcholine causes
a greater increase in hypoxic, compared with normoxic PAEC
[Ca2�]I, the low oxygen tension environment of the normal
fetus may load the intracellular stores, thereby preparing
PAECs to respond to acute normoxia. PAECs derived from
fetal lambs with chronic intrauterine pulmonary hypertension
do not respond to an acute increase in oxygen tension with
either an increase in [Ca2�]i or NO production, supporting the
proposition that the intrauterine environment informs the re-
sponse of endothelial cells to physiologic stimuli (24).

Data supporting the notion that the initial normoxia asso-
ciated increase in PAEC [Ca2�]i is dependent on the entry of
extracellular calcium includes the observation that acute nor-
moxia had no effect on [Ca2�]i in the presence of zero
extracellular calcium solution and that upon reintroduction of
extracellular calcium, PAEC [Ca2�]i increased. These results
were further validated by experiments wherein the rate at
which manganese quenched the fura-2 signal increased with
acute normoxia, consistent with an increased rate of entry of
extracellular calcium.

Although the initial component of the normoxia-induced
increase in PAEC [Ca2�]i is dependent on entry of extracel-
lular calcium, the present data demonstrate that release of
Ca2� from IP3-sensitive stores accounts for the sustained
increase in PAEC [Ca2�]i. Pharmacological blockade of cal-
cium release from ryanodine-sensitive stores had no effect on
the initial component, but prevented the sustained and pro-
gressive elevation in PAEC [Ca2�]i, in response to acute
normoxia. Although previous investigators have demonstrated
a role for calcium release from ryanodine-sensitive stores in
umbilical vein endothelial cells (25), the present data are the
first to implicate a role for calcium release from ryanodine-
sensitive stores in the normoxia-induced increase in fetal
PAEC [Ca2�]i.

At birth, PAECs must contract, increase production of NO
(8,26) and prostacylin (27,28), and decrease endothelin pro-
duction (29) to enable effective gas exchange to occur in the
lungs. Changing the exposure of PAECs from normoxia to
hypoxia reduces reactive oxygen species (ROS) (30,31) so
presumably the reverse is also true. Consequently, we can
speculate that as H2O2 can inhibit K� channels (31), the
increase in ROS could cause membrane depolarization. This
in turn could lead to calcium release from the endoplasmic
reticulum (32). Alternatively, ROS are known to alter the ratio
of the small G proteins RhoA and Rac1 leading to Ca2�

release (33).

The observation that endothelial cells from an animal
model of PPHN demonstrate no increase in either [Ca2�]i or
only a minimal increase in NO production in response to an
acute increase in oxygen tension provides the first direct
evidence that the chronic intrauterine pulmonary hypertension
compromises PAEC oxygen sensing and NO production. The
present data link endothelial cell cytosolic calcium and an
acute increase in oxygen tension, one of the central perinatal
physiologic stimuli (1).

The present study is limited by the absence of a mecha-
nistic link between an increase in oxygen tension, an increase
in the rate of calcium entry, and the consequent release of
Ca2� from IP3-sensitive stores and NO production. Exactly
how the increase in cytosolic calcium leads to augmented NO
production remains unknown. However, the observation that
fetal PAECs maintained in culture respond to an acute in-
crease in oxygen tension with an increase in cytosolic calcium,
in direct contrast to the response of PAECs derived from the
adult pulmonary vasculature (18,34), lends weight to the
proposition that maturation-related physiologic differences
exist in PAECs. Rigorous measures were undertaken to en-
sure that PAECs were not subject to dedifferentiation while
maintained in culture. PAECs stained positively with endo-
thelial cell–specific (factor VIII; acetylated LDL uptake, grif-
fonia lectin) markers and did not stain positively for smooth
muscle cell markers.

In conclusion, the present data indicate that fetal PAECs are
able to sense and respond to an acute increase in oxygen
tension with an increase in cytosolic calcium and NO produc-
tion. The acute increase in oxygen tension that occurs at birth
may lead to K� channel inactivation, membrane depolariza-
tion, increased entry of extracellular calcium, and augmented
NO production. The sustained elevation of PAEC calcium
results, in part, from release of calcium from ryanodine-
sensitive stores. From a teleologic perspective, the response of
the PAECs to an acute increase in oxygen tension is biolog-
ically imperative. The present data suggest that compromised
PAEC oxygen sensing may underlie the attenuated response
of the pulmonary circulation to perinatal vasodilator stimuli,
thereby leading to persistent pulmonary hypertension of the
newborn.
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