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Key points

� Adult animals that have been perinatally exposed to oxygen-rich atmospheres (hyperoxia),
recalling those used for oxygen therapy in infants, exhibit a loss of hypoxic pulmonary vaso-
constriction, whereas vasoconstriction elicited by depolarizing agents is maintained.

� Loss of pulmonary hypoxic vasoconstriction is not linked to alterations in oxygen-sensitive K+

currents in pulmonary artery smooth muscle cells.
� Loss of hypoxic vasoconstriction is associated with early postnatal oxidative damage and

corrected by an antioxidant diet.
� Perinatal hyperoxia damages carotid body chemoreceptor cell function and the antioxidant

diet does not reverse it. The hypoxia-elicited increase in erythropoietin plasma levels is not
affected by perinatal hyperoxia.

� The potential clinical significance of the findings in clinical situations such as pneumonia,
chronic obstructive pulmonary disease or general anaesthesia is considered.

Abstract Adult mammalians possess three cell systems that are activated by acute bodily hypoxia:
pulmonary artery smooth muscle cells (PASMC), carotid body chemoreceptor cells (CBCC) and
erythropoietin (EPO)-producing cells. In rats, chronic perinatal hyperoxia causes permanent
carotid body (CB) atrophy and functional alterations of surviving CBCC. There are no studies
on PASMC or EPO-producing cells. Our aim is to define possible long-lasting functional changes
in PASMC or EPO-producing cells (measured as EPO plasma levels) and, further, to analyse
CBCC functional alterations. We used 3- to 4-month-old rats born and reared in a normal
atmosphere or exposed to perinatal hyperoxia (55–60% O2 for the last 5–6 days of pregnancy and
4 weeks after birth). Perinatal hyperoxia causes an almost complete loss of hypoxic pulmonary
vasoconstriction (HPV), which was correlated with lung oxidative status in early postnatal life
and prevented by antioxidant supplementation in the diet. O2-sensitivity of K+ currents in the
PASMC of hyperoxic animals is normal, indicating that their inhibition is not sufficient to trigger
HPV. Perinatal hyperoxia also abrogated responses elicited by hypoxia on catecholamine and
cAMP metabolism in the CB. An increase in EPO plasma levels elicited by hypoxia was identical
in hyperoxic and control animals, implying a normal functioning of EPO-producing cells. The
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loss of HPV observed in adult rats and caused by perinatal hyperoxia, comparable to oxygen
therapy in premature infants, might represent a previously unrecognized complication of such
a medical intervention capable of aggravating medical conditions such as regional pneumonias,
atelectases or general anaesthesia in adult life.
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Abbreviations 4-AP, 4-aminopyridine; AP, arterial pressure; CA, catecholamine; CB, carotid body; CBCC, carotid
body chemoreceptor cells; CI, confidence interval; DA, dopamine; DP, diastolic pressure; eNOS, endothelial nitric
oxide synthase; EPO, erythropoietin; GSH, reduced glutathione; GSSG, oxidized glutathione; HPV, hypoxic pulmonary
vasoconstriction; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; MAP, mean arterial pressure; NE,
norepinephrine; NMLA, N-methyl-L-arginine; NOS, nitric oxide synthase; PASMC, pulmonary artery smooth muscle
cells; PAP, pulmonary arterial pressure; PB, phosphate buffer; PBS, phosphate-buffered saline; SCG, superior cervical
ganglion; STIM, stromal interaction molecule; TV, tidal volume.

Introduction

Mammals possess three interrelated systems that work
in concert to maintain an adequate supply of O2 to
their organs, thus preventing or alleviating the adverse
effects of hypoxia. Pulmonary artery smooth muscle cells
(PASMC) sense alveolar hypoxia and respond with a
Ca2+-dependent contractile response. In situations of
uneven ventilation of the lungs, contraction of PASMC
almost instantaneously diverts blood to well ventilated
lung regions to optimize ventilation/perfusion matching
and blood oxygenation (Marshall et al. 1994a,b; Sylvester
et al. 2012). Carotid body (CB) chemoreceptor cells
(CBCC) detect hypoxic hypoxia and respond with a
Ca2+-dependent release of neurotransmitters triggering
respiratory reflexes that increase alveolar ventilation,
alveolar PO2 and haemoglobin saturation (Gonzalez et al.
1994; Kumar, 2009). Erythropoietin (EPO)-producing
cells (primarily interstitial fibroblasts in the kidney) sense
local tissue hypoxia and, in a time scale of a few hours,
respond with increased rates of EPO gene transcription
and translation and increased secretion of EPO hormone;
EPO augments the O2-carrying capacity of blood by
stimulating erythrocyte production in the bone marrow
(Jelkmann, 1992). The three O2-sensing cell systems
exhibit low hypoxic thresholds (i.e. they start responding
when PO2 is relatively high: alveolar or arterial PO2 of
65–70 mmHg; O2 content >90%) and their coordinated
function allows healthy humans to assure an adequate O2

content in arterial blood at barometric pressures as low
as 400 mmHg or an ambient PO2 of 84 mmHg (Ward
et al. 1995; Gonzalez et al. 2002). Thus, as a whole, these
three cell types represent the general system that adult
mammals employ to compensate for or adapt to systemic
hypoxia (Gonzalez et al. 2010). The aortic and neuro-
epithelial bodies and, in the full-term fetus and newborn,
the adrenal medulla also contribute to those adjustments.

Perinatal exposure of rats to a hyperoxic atmosphere
(60% O2, 4 weeks) produces permanent hypotrophy of
the CB and a marked diminution of the response of
the organ to hypoxia when assessed as the carotid sinus
nerve action potential frequency (the afferent arm of the
CB chemoreflex; Ling et al. 1997; Erickson et al. 1998;
Fuller et al. 2002; Bisgard et al. 2003; Prieto Lloret et al.
2004; Wenninger et al. 2006; Bavis et al. 2013). However,
when the CB chemoreflex is explored via phrenic nerve
activity or ventilation (i.e. the efferent arm of the chemo-
reflex), the dysfunction produced by perinatal hyperoxia
is appreciated differently. In the original study of Ling
et al. (1996), it was reported that 1 month of perinatal
hyperoxic treatment caused a marked decrease in hypoxic
ventilation when the animals were studied up to the age
of 5 months (i.e. 4 months after hyperoxic treatment); it
was concluded that animals may suffer impaired chemo-
responsiveness throughout their lives. By contrast, in our
previous study (Prieto-Lloret et al. 2004), as well as those
of Dauger et al. (2003) and Wenninger et al. (2006), no
alterations in control, hypoxic and hypercapnic ventilation
were noted when animals were explored at � 4 months
of age. In another study, Ling et al. (1998) extended their
observations until the animals reached 14 months of age
and they found a marked decrease in the hypoxic response
that recovered with time, so that, at 14 months of age,
the responses to hypoxia were normalized. Subsequently,
Fuller et al. (2002) re-examined the issue and found that
animals aged up to 14–15 months exhibited functional
impairment in the hypoxic responses and concluded that
perinatal hyperoxia causes life-long impairment of carotid
chemoreceptor function; a recent review is provided by
Bavis et al. (2013). Prieto-Lloret et al. (2004) and, more
recently, Kim et al. (2013) located the hyperoxic damage
in surviving CBCC in a step prior to cell depolarization
and Ca2+ entry into the hypoxic transduction cascade
(Gonzalez et al. 1992).
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By contrast to the situation for CB, there are no
studies exploring the effects of perinatal hyperoxia on
the other two systems of oxygen-sensitive cells. Clinically,
it is important to determine whether exposure to peri-
natal hyperoxia damages PASMC and hypoxic pulmonary
vasoconstriction (HPV) because, although oxygen therapy
in hypoxemic, usually premature, newborn infants is
aimed at restoring a normal blood O2 content and
avoiding hyperoxaemia, lung tissues are unavoidably
exposed to hyperoxia. Thus, if hyperoxia deteriorates
the HPV, it would imply the loss of an important
homeostatic mechanism. This loss could be fatal in
lung pathologies such as non-generalized pneumonias
or atelectases or mild chronic obstructive pulmonary
diseases, as well as in situations of general anaesthesia,
particularly in thoracic surgery, where systemic arterial
PO2 is supported by HPV (Glasser et al. 1983, Eisenkraft,
1990; Marshall et al. 1994a,b; Nagendran et al. 2006; Karzai
and Schwarzkopf, 2009; Sylvester et al. 2012). Additionally,
hyperoxaemia is a frequent undesirable accident in infant
oxygen therapy (Tracy et al. 2004; Hartnett and Penn,
2012; Bavis et al. 2013), which not only would augment
the exposure of PASMC to high PO2 , but also would
expose EPO-producing cells to abnormally high PO2 .
In this context, the present study aimed to further
analyse the functional alterations in the CB and to define
possible alterations in the other two O2-sensing cell types.
Accordingly, we used 3- to 4-month-old rats born and
reared in a normal atmosphere or exposed to perinatal
hyperoxia (55–60% O2 for the last 6 days of pregnancy
and the initial 4 weeks after birth). Additionally, although
it has been reported that perinatal hyperoxia does not
cause oxidative stress as assessed via plasma carbonylated
proteins (Bavis et al. 2008), it should be expected to
result in an increase in reactive oxygen species (Turrens
et al. 2003; Halliwell and Gutteridge 2007). We measured
the levels of reduced glutathione (GSH) and oxidized
glutathione (GSSG) in the liver, brain and lung, and found
that the glutathione redox potential was diminished in
the liver and lung in hyperoxic animals of 7 days of age.
This prompted additional experiments in which mothers
and litters received an antioxidant diet during hyperoxic
exposure. We found that perinatal hyperoxic exposure
alters the metabolism of catecholamine (CA) in the CB but
causes no alteration in the ventilatory response to hypoxia
or hypercapnia. Hyperoxic animals showed a normal EPO
plasma levels in response to 10 h of hypoxic exposure.
By contrast, we found that hyperoxic exposure caused
an almost complete loss of HPV. An antioxidant diet
corrected the deviations of the redox status and prevented
the loss of the HPV but did not reverse the alterations in
the CB. The potential mechanisms and clinical significance
of the findings are discussed.

Methods

Animals

The experiments were performed in Wistar rats of both
sexes born and reared in the normal room air atmosphere
for their entire life (controls) or in an atmosphere of
55–60% O2 for the last 5–7 days of intrauterine life and for
4 weeks after birth (hyperoxic); thereafter, the pups were
brought to the normal atmosphere of the vivarium until
use (rats age 90–120 days). Groups of seven rats at days
14–15 of pregnancy were individually caged and placed in
a big glass cage with inlets and outlets for gases and orifices
for a temperature probe. The chamber was continuously
flushed with a gas mixture of 55–60% O2/balance N2. The
continuous gas flow secured washing out of CO2, heat and
vapour water; temperature was stable at 22–25ºC. Every
4 days, animals were cleaned and the food was replaced;
immediately after cleaning, the rat cages were brought
back to the big cage and a high gas flow was applied to
achieve 55–60% O2 in 15–20 min. The control animals
were maintained in the same room for the entire period. At
28 days of postnatal age, control and experimental mothers
and litters were transferred to the general vivarium until
the experiments (Prieto-Lloret et al. 2004).

One additional group of experiments was performed
in identically hyperoxic animals, for which, during the
entire exposure to an O2-rich atmosphere, mothers (and
offspring) were fed with a diet supplemented with vitamin
E (α-tocopherol, 300 mg kg−1 of regular rodent pellet) and
R-lipoic acid (1 g kg−1 of pellet); the diet was provided by
Panlab, Barcelona, Spain). Body weight of the animals was
332 ± 19, 302 ± 20 and 367 ± 14 g in control, hyperoxic
and hyperoxic supplemented groups, respectively.

Handling of the animals was conducted in accordance
with the European Community Council directive of 24
of November 1986 (86/609/EEC) for the Care and Use
of Laboratory Animals. The Institutional Committee of
the University of Valladolid for Animal Care and Use
approved the protocols. Animals were killed by an intra-
cardiac injection (250 mg kg−1) of sodium pentobarbital.

Recording of pulmonary arterial pressure (PAP)
and HPV

Isolated in situ lung preparation. In an initial series
of experiments, we used a blood perfused in situ iso-
lated preparation of rat lungs (Hauge, 1968; Tamayo
et al. 1997) to register HPV. Rats of both sexes were
anaesthetized with ketamine (50 mg; I.P.), tracheostomized
and pump ventilated (CL Palmer, London, UK) with a
gas mixture (20% O2, 5% CO2/balance N2, normoxia;
or 2% O2, 5% CO2/balance N2, hypoxia) at a positive
end-expiratory pressure of 2 cmH2O and a frequency of
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40 breaths min−1. Tidal volume was adjusted in every
animal to achieve a peak inspiratory pressure of 10 cmH2O.
In each experiment, a donor rat was heparinized and its
blood withdrawn through the carotid arteries; the blood
from the donor was placed in a reservoir (38ºC) and, when
combined with the blood of the rat under study, was used
to fill the perfusion circuit (20 ml), as described in detail
in Tamayo et al. (1997); for surgical procedures, see also
Liu et al. (1991).

The pressure transducer connected to the pulmonary
artery was fed to a polygraph (Dynograph Recorder R
612; Beckman Coulter, Fullerton, CA, USA) and PAP was
continuously monitored. The recorded signal was filtered
with a 30 Hz low-pass filter. The reservoir was filled with
blood to appproximately one-third of its volume, and the
atmosphere above during the experiment had the same
composition as the ventilating gas. The tubing of the pump
driving the blood to the lung circulation was placed at the
bottom of the reservoir. In all experiments, the reservoir
itself was maintained at a fixed altitude to yield a constant
pressure of 2 mmHg in the left atrium. Blood was perfused
at a constant rate of 0.03 ml g−1 min−1. This perfusion rate
produced a PAP between 10 and 15 mmHg (mean ± SD:
13.2 ± 1.1 mmHg; n = 48) at the onset of the experiment
(20–30 min after surgical procedures). With the perfusion
rate maintained constant, any change recorded in the
perfusion pressure reflected changes in the pulmonary
vascular resistance. Blood samples taken from the bottom
of the reservoir and from the left atrial cannula yield the
same values for blood gas analysis (Automatic Blood Gas
System, AVL 990; AVL Biochemical Instruments, Graz,
Austria). Blood pH was maintained at between 7.36 and
7.44 by injection (as required) of small boluses of isotonic
NaCO3H into the reservoir.

PAP recordings started after ventilating the lungs with
the normoxic gas mixture and perfusing the lungs with
blood equilibrated with the normoxic gas for a few
minutes. After achieving a stable normoxic baseline (20%
O2, 5% CO2, 75% N2), the ventilation of the lungs and the
equilibration of the blood in the reservoir was switched
to a hypoxic gas mixture (2% O2, 5% CO2, 93% N2) for
7–8 min and, after a new period of normoxia (9–10 min),
a second hypoxic test was made. In other experiments,
after a hypoxic test and under in normoxic conditions,
4-aminopyridines were added to the reservoir to reach
a final concentration of 10 mM or N-methyl-L-arginine
(NMLA; final concentrations in the circuit of 5 × 10−5 M.
Changes in PAP (�PAP) were determined as the difference
between peak PAP recorded during the stimuli and the
previous control baseline PAP.

In vivo recording of PAP and HPV. In a different group
of experiments, PAP was recorded from intact animals.
Ketamine anaesthetized rats were tracheostomized

and pump ventilated with room air (CL Palmer)
(60 cycles min–1 and a positive end-expiratory pressure of
2 cmH2O) to measure systemic arterial pressure (AP) and
PAP when the ventilating pump was fed with air or with
10% O2. Systemic and pulmonary arterial pressures were
continuously monitored with catheters inserted in the
carotid and pulmonary arteries, respectively. To reach the
pulmonary artery, a minimal thoracotomy was performed,
a catheter was inserted into the right ventricle and, under
oscilloscopic control, driven to the pulmonary artery. As
in the case of the systemic arterial pressure, the catheter
was connected to a pressure transducer, with signals being
stored for subsquent analysis. In both cases (i.e. systemic
and pulmonary arterial pressure), mean arterial pressures
(MAP) are plotted. They were calculated according to the
expression: MAP = DP + 1/3 (SP – DP), where DP is
diastolic pressure and SP is systolic pressure.

Immunostaining and morphometric analysis of the
muscle cell layer of the pulmonary arteries

Lungs from three control and three hyperoxic rats were
removed and their arterial trees were dissected under
a microscope (Tamayo et al. 1997) and fixed during
6 h by immersion in 4% paraformaldehyde in 0.1 M

phosphate buffer (PB) (pH 7.40) at 4ºC. Thereafter,
the arterial trees transferred to 30% sucrose in PB for
cryoprotection. After embedding in Tissue-Tek (Sakura
Finetek USA, Inc., Torrance, CA, USA), the arteries
were frozen at –20ºC, serial sectioned (10 μm thick)
in a Leitz Cryostat (1720) (Leica Microsystems, Wetzlar,
Germany) and collected in glass slides coated with
3-aminopropyltriethoxy-silane (Sigma, Madrid, Spain).
The sections were washed in phosphate-buffered saline
(PBS) at room temperature (5 min), and incubated in PBS
containing 0.1% Triton X-100 and 2% non-immunized
goat serum (permeabilizing-blocking solution) for 30 min.
The incubation with the primary antibody (mouse
anti-smooth muscle actin; Sigma; dilution 1:500 in
permeabilizing solution) was made overnight at 4ºC.
Thereafter, sections were washed in PBS (3 × 10 min)
and incubated for 1 h at room temperature with
the secondary antibody (rabbit anti-mouse-horseradish
peroxidase; Abcam, Cambridge, MA, USA; dilution 1:300
in permeabilizing solution). The specific labelling was
developed with diaminobenzidine. Finally, sections were
rinsed with distilled water, dehydrated, washed with
xylene and mounted in Eukitt (Kindler GMBH and Co.,
Hannover, Germany). Negative controls were similarly
incubated but in the absence of primary antibody. Sections
were examined using an Axioscop 2 (mot plus) micro-
scope (Carl Zeiss, Oberkochen, Germany) with Nomarski
optics and were images captured with a digital camera
(CoolSnap; Photometrics, Tucson, AZ, USA). In the
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captured images (10×; Phan-Neofluor) the thickness of
the muscular layer was measured and the perimeter of the
artery was obtained directly using MetaMorph, version
6.3 (Molecular Devices, Sunnyvale, CA, USA) for image
analysis.

Electrophysiological recordings

All of the procedures used to dissociate PASMC from
small calibre resistance arteries (200–500 μm in diameter)
have been described previously (Cogolludo et al. 2003;
Frazziano et al. 2011). In brief, small pulmonary arteries
(300–500 μm of internal diameter) were dissected into
Ca2+-free physiological saline (in mM): 130 NaCl, 5 KCl,
1.2 MgCl2, 0 CaCl2, 10 glucose, 10 Hepes; pH 7.3 with
NaOH, and then endothelium denuded and cut into small
rings (2 mm in length). Cell dissociation was carried out by
incubation in the same saline containing 1 mg ml–1 papain,
0.8 mg ml–1 dithiothreitol and 0.7 mg ml–1 albumin;
cells were used within 8 h. Membrane currents were
recorded with an Axopatch 200B and a Digidata 1322A
(Axon Instruments, Burlingame, CA, USA) using the
whole-cell configuration of the patch-clamp technique,
normalized for cell capacitance and expressed in pA/pF.
For optimal IKv recording, cells were superfused with the
same Ca2+-free PSS and the internal solution was (in mM):
110 KCl, 1.2 MgCl2, 5 Na2ATP, 10 Hepes and 10 EGTA
(pH 7.3). Currents were elicited by 200 ms depolarizing
pulses from –60 mV to +60 mV in incrementsof 10 mV.
All experiments were performed at room temperature
(22–24ºC).

Whole body plethysmography

Ventilation was measured in conscious freely-moving
rats by whole body plethysmography. The system (Emka
Technologies, Paris, France) consists of 5 litre metacrylate
chambers continuously fluxed (2 l min−1) with the desired
gas mixtures. Temperature was maintained in the chamber
within the thermo-neutral range (22–24ºC). Tidal volume
(TV; ml kg–1), respiratory frequency (breaths min–1)
and minute ventilation (ml min–1 kg–1) were measured.
Briefly, the rats were placed in the plethysmographic
chamber and breathed room air for at least 30 min until
they were adapted to the ambience of the chamber and
acquired a standard resting behaviour. Subsequently, we
started recording ventilatory parameters during 20 min,
followed by fluxing the chamber with a gas mixture
containing 12%, 10% or 7% O2 (rest N2; 2 l min–1)
and 5% CO2 in air for 10 min. Each hypoxic or hyper-
capnic exposure was followed by a 10–20 min recovery
period in air. The pressure changes within the chamber
reflecting TV were measured with a high-gain differential
pressure transducer. Ideally, the frequency of pressure

fluctuations is identical to the breathing movements;
spurious fluctuations of the pressure as a result of animal
movements were rejected electronically. The amplitude of
the pressure oscillations is proportionally related to TV;
a calibration of the system by injections of 2–5 ml of air
into the chamber allowed the direct estimation of TV.
Pressure signals were fed to a computer for visualization
and storage, allowing offline analysis with EMKA software
(emka Technologies SAS, Paris, France).

Exposure to hypoxia

The control and hyperoxic rats used for the measurement
of plasma EPO and content of CA in the CB were exposed
for 10 h at an atmosphere of 10% O2, which was achieved
by flushing a plastic cage capable of holding two smaller
rat cages containing five rats each. During this period
(08.00–18.00 h), the animals had water and food available
ad libitum. In some of the initial experiments, the hypoxic
exposure lasted only 5 h (08.00–13.00 h).

Measurement of endogenous CA in the CB and the
superior cervical ganglion (SCG)

After cleaning the surrounding tissues under a micro-
scope, the CBs and the SGC were transferred to cold
Eppendorf tubes containing, respectively, 75 and 250 μl
of 0.1 N perchloric acid and 0.1 mM EDTA, weighed and
usually frozen at -80ºC until HPLC analysis. Regardless
of whether they were immediately processed or frozen,
the tissues were glass-to-glass homogenized at 0–4ºC
and the homogenates, plus an additional aliquot of
50 μl of the perchloric acid-EDTA solution, as used
to quantitatively collect the tissue homogenate, were
centrifuged (10 min; 0–4ºC) in a microfuge (Beckmann,
Madrid, Spain). Aliquots (10-50 μl) of supernatants
were directly injected into the HPLC system, composed
of a programmable Waters 600 pump, a Waters 717
injector (Waters, Milford, MA, USA ) and an electro-
chemical detector BAS LC-4C (Bioanalytical Systems,
Inc., West Lafayette, IN, USA). The mobile phase was
a PB (25 mM) containing 0.65 mM of octanesulfonic
sodium salt, 0.1 mM EDTA and 6% methanol (final
pH was 3.46). The sensitivity of the detector and
the volume of the injected samples were adjusted to
obtain chromatographic peaks of adequate height. Signals
from the detector were fed to an analogue-to-digital
converter controlled by Peak Sample Chromatography
System Software (Buck Scientific, East Northwalk,
CT, USA). These chromatographic conditions very
satisfactorily resolve norepinephrine (NE), epinephrine,
dihydroxyphenyl acetic acid (the main catabolite of
dopamine) and dopamine (DA) (Ramirez et al. 2012).
The identification and quantification of endogenous CA
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in tissue samples were verified using internal and external
standards.

Measurement of GSH and GSSG

The assay of GSH and GSSG has been described in detail
by Gonzalez et al. (2004); see also Quintero et al. (2013).
In brief, the upper half right lung, liver lobe or whole
brain (without cerebellum) were cleaned of surrounding
tissues, dry-blotted by touching on filter paper, weighed
and transferred to assay tubes containing a solution of
5-sulfosalicylic acid (SSA) at 5% and 0.25 mM EDTA;
the final volume SSA solution was adjusted to × 5 tissue
weight. Tissues were homogenized at 0–4ºC, centrifuged
(12,000 g at 4ºC for 10 min) and the supernatant
used to assay GSH/GSSG. The assay can be performed
immediately or the supernatant stored –80ºC until assay.
Glutahione redox potentials (EGSH), which approximate
the overall redox potential of the cells (Schafer and
Buettner, 2001), were calculated by the Nernst equation:
EGSH = EºGSH – RT/zF × Ln [GSH]2/[GSSG] and a value
for Eº’GSH of –240 mV.

Measurement of 3H-CA release

The experimental protocols and analytical procedures
have been described in detail previously (Vicario et al.
2000a; Prieto Lloret et al. 2004). In brief, isolated CBs
were incubated for 2 h with 3H-tyrosine of high specific
activity (40–50 Ci mmol−1), which is the natural precursor
of CA. Once the CA stores were labelled, organs were
transferred to vials containing precursor-free Tyrode’s
solution (in mM): 116 NaCl, 5 KCl, 2 CaCl2, 1.1 MgCl2,
5.5 glucose, 24 NaCO3H and 10 Hepes. The solution
was equilibrated with gas mixtures containing 5% CO2

and different percentages of O2 (maintaining pH 7.40)
(see Results). In other experiments, we incubated using
K+-rich solutions and the osmolarity was maintained
by removing an equimolar amount of NaCl. Incubating
solutions were collected and their content with respect to
3H-CA was measured by scintillation spectrometry.

Measurement of cAMP

The measurement of cAMP was made in accordance
with previously described protocols (Cachero et al.
1996; Conde et al. 2008). In brief, after isolation,
CBs were pre-incubated (15 min for 37ºC) in Tyrode’s
solution equilibrated with 95% O2–5% CO2. Thereafter,
the solution was renewed with an incubating solution
containing 500 μM isobutylmethylxanthine (Sigma), a
phosphodiesterase inhibitor. Incubating solutions were
equilibrated with either 95% O2–5% CO2 (basal)
or 7% O2–5% CO2–88%N2 (hypoxia); incubations

lasted 30 min. CBs were homogenized in ice-cold 6%
trichloroacetic acid and centrifuged (12,000 g for 10 min
at 4ºC). Supernatants were extracted with water-saturated
diethyl ether (3×), the aqueous phase lyophilized and
dried samples stored at –20ºC until cAMP was assayed.
We used a commercial enzyme immunoassay kit in
accordance with the manufacturer’s instructions (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden). cAMP
levels are expressed as pmol mg–1 tissue.

Determination of EPO in plasma

Control male and female rats breathing room air were used
to measure baseline plasma EPO levels. To measure the
effect of hypoxia on EPO plasma levels, separate groups of
control animals (male and female) were exposed to hypo-
xia for 5 or 10 h. Finally, a third group, also comprising
male and female rats perinatally exposed to hyperoxia,
was exposed to hypoxia for 10 h. In all the cases, rats
anaesthetized with sodium pentobarbital (60 mg kg−1;
I.P.) were punctured in the left ventricle through the
thoracic wall and 1 ml of blood was withdrawn and
added to standard haematological test tubes containing
lithium heparin and centrifuged at 3500 g (10 min) at
room temperature; 100 μl of plasma was used for the auto-
mated immunometric assay of EPO in accordance with the
manufacturer’s instructions (Immulite-EPO; Diagnostic
Products Corporation, Los Angeles, CA, USA). Standard
curves constructed with known amounts of EPO are linear
from 0 to 200 mU ml−1. EPO levels in samples are read by
interpolation.

Statistical analysis

Aside from some sample recording, data are presented as
the mean ± SD and the 95% confidence interval (CI).
Comparison of data obtained in each experimental group
was made by a paired or unpaired two-tailed Student’s
t test, and by one-way ANOVA, two-way ANOVA and
two-way ANOVA for repeated measures, as required.
P < 0.05 was considered statistically significant.

Results

Hypoxic pulmonary vasoconstriction

Isolated in situ preparation and smooth muscle actin
immunohistochemistry. In a first set of experiments,
hypoxia (lung ventilation and blood equilibration with 2%
O2) augmented PAP in control rats by 5.5 ± 2.7 mmHg
(n = 8) (Fig. 1A and C). In hyperoxic animals, the
same hypoxia produced no changes (Fig. 1B) or only
minimal changes in PAP; mean ± SD �PAP observed
in nine hyperoxic rats amounted to 1.04 ± 1.08 mmHg
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(P < 0.001 vs. control animals; unpaired Student’s t test)
(Fig. 1C). In a second set of experiments, we tested the
possibility that the reduced response to hypoxia observed
in hyperoxic rats could be the result of an increased
production of NO, a potent vasodilator of the pulmonary
arterial tree. Indeed, Yeh et al. (2006) have reported
that a short-lasting protocol of exposure to hyperoxia
(>90% FIO2 for 60 h) in adult rats increased baseline
NO production and blunted the HPV response during
hypoxic challenges compared to normoxic rats. As shown
in Fig. 1D, the NO synthase inhibitor NMLA (5 × 10−5 M)

augmented the hypoxic response in control rats from
�PAP of 6.2 ± 2.4 mmHg (95% CI = 3.7–8.7) to
12.2 ± 5.5 mmHg (95% CI = 6.4–17.9; n = 6 in both cases;
P < 0.01, Student’s paired t test) (Fig. 1F). In hyperoxic
animals, �PAP induced by hypoxia was 1.0 ± 0.7 mmHg
(95% CI = 0.23–1.75) in the absence of the NO synthase
inhibitor and 1.5 ± 1.0 mmHg in its presence (95%
CI = 0.44–2.52; n = 6 in both cases; P = 0.3490, Student’s
paired t test) (Fig. 1E and F). By contrast to expectations,
the lack of effect of NMLA is compatible with a deficient or
no expression of endothelial nitric oxide synthase (eNOS)
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in hyperoxic animals; this observation led us to determine
the level of expression of eNOS and inducible nitric
oxide synthase (iNOS) (western blot) in pulmonary artery
homogenates of control, hyperoxic and lipopolysaccaride
(LPS)-treated rats. The data (Fig. 2A and B) indicate
that the amount of eNOS protein was not different in
control, hyperoxic and LPS-treated rats; basal expression
of iNOS in control and hyperoxic animals was almost
absent; LPS administration markedly induced this enzyme
(Fig. 2C).

As shown in Fig. 1, perinatal hyperoxia blunted HPV
and produced an atrophy of the CB (Erickson et al.
1998; Prieto Lloret et al. 2004). Accordingly, in two
different ways, we explored the possibility that the reduced
response of PAP to hypoxia was the result of atrophy
of the muscle layer of pulmonary vessels. In a first
experiment, we tested the ability of the pulmonary
vessels to contract in response to the depolarizing agent
4-aminopyridine (4AP). Figure 3A and C shows that, in
control rats, 10 mM 4AP produced an increase in the
PAP of 7.3 ± 4.6 mmHg comparable to that produced
by hypoxia 5.6 ± 4.1 mmHg (n = 12). In hyperoxic
rats, the hypoxic �PAP was minimal (1.2 ± 0.7 mmHg;
n = 8; P < 0.05 vs. control; one-way ANOVA followed
by Dunnet’s multiple comparison test), although the
response to 4AP was statistically identical to that obtained
in control rats (7.4 ± 2.8 mmHg; n = 8) (Fig. 3B and C).
In the second experiment, we measured the thickness of
the muscular layer in lung resistance arteries. Figure 3D
shows sections of small arteries taken from a control (D1)
and a hyperoxic (D2) rats immunocytochemically stained
for smooth muscle actin. As indicated, the thickness of
the muscle layer was measured at different points and
the mean of those measurements was taken to represent
the thickness of that particular artery. The diameter of
the artery was directly obtained with the appropriate
software (MetaMorph v.6.3, Molecular Devices, Sunny
Valley, CA, USA). Figure 3E shows mean thickness in
small pulmonary arteries, which are the vessels responsible
for most of the circulatory resistances, demonstrating
that they are essentially identical in control and hyper-
oxic animals. Figure 3D shows that a section incubated
in the absence of primary antibody provides a negative
control, demonstrating the specificity of the immuno-
staining. The specificity of the primary antibody was not
tested. Thus, both functional and morphological criteria
indicate that the muscular of the pulmonary arteries has
a normal capacity to generate tension, in turn indicating
the specificity of the loss of their property to respond to
hypoxia.

In vivo experiments. Using intact anaesthetized rats, we
obtained results almost identical to those for the iso-
lated in situ preparation (Fig. 4). As shown in Fig. 4A

and B, in control animals, there was a clear increase
in PAP on switching the respirator from air to 10%
O2 reservoir, whereas, in hyperoxic animals, there was
no noticeable change. In control animals, mean ± SD
PAP immediately prior to starting breathing 10% O2 was
11.4 ± 3.2 mmHg (95% CI = 9.40–13.44) and this rose
to 14.5 ± 4.6 mmHg (95% CI = 11.6–17.37) during the
hypoxic episode (n = 12; P < 0.001); on returning to
air breathing (recovery), PAP fell to 11.4 ± 3.1 mmHg
(95% CI = 9.37–13.35) (Fig. 4C). In fourteen hyperoxic
animals, mean ± SD basal PAP was 12.3 ± 4.3 mmHg
(95% CI = 9.63–15.05), rising to 13.07 ± 4.9 mmHg
(95% CI = 9.93-16.27) during hypoxia and subsequently
falling to 12.80 ± 4.8 mmHg (Fig. 4D). The mean ± SD
�PAP (�PAP = [(air+R)/2] – 10%) in control animals
was 3.1 ± 2.0 mmHg (95% CI = 1.77–4.37) and, in hyper-
oxic animals, 0.5 ± 1.0 (95% CI –0.09 to 1.14) (P < 0.001)
(Fig. 4E). As we will see in a later figure, this difference
in the response of the pulmonary circulation cannot
be attributed to differences in systemic AP responses to
hypoxia.

Some basic electrophysiological properties of PASMC
in control and hyperoxic animals

In an attempt to disclose possible mechanisms damaged
by the perinatal hyperoxic exposure, we investigated
some basic properties of smooth muscle cells isolated
from resistance pulmonary arteries, including membrane
potential (Em), membrane capacitance and K+ currents
density, and their sensitivity to hypoxia. Figure 5 shows
that Em was quite similar in cells from control and
hyperoxic rats –37.3 ± 8.8 mV (95% CI = –59.28 to
–15.38; n = 6) and –35.08 ± 4.3 mV (95% CI = –39.64
to –30.53; n = 6), respectively (P > 0.05). Membrane
capacitance also was comparable 14.4 ± 1.7 pF (n = 6)
in controls and 13.05 ± 3.0 pF (n = 8) in hyperoxic rats,
suggesting that control and hyperoxic cells had similar
sizes (Fig. 5B). The IK+ density was not different (one-way
ANOVA, followed by Tukey’s multiple comparisons test)
(Fig. 5C). Figure 6 shows the changes induced by hypoxia
on the K+ currents and the changes in Em during hypoxic
exposure. Sample recordings and I–V curves in control and
hyperoxic cells also demonstrate that both groups of cells
exhibit a comparable response to the hypoxic exposure (no
statistically significant differences were seen after applying
a one-way ANOVA with Tukey’s post hoc test). If the data
are plotted (Fig. 6C), it can be appreciated that, in control
and hyperoxic cells, hypoxia (6 min) inhibited K+ currents
by�25% at –30 mV. Similarly, the depolarization observed
in both groups of cells was comparable 2.5 ± 0.7 mV vs.
3.8 ± 0.3 mV (n = 3), in control and hyperoxic cells,
respectively (Fig. 6D).

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society



J Physiol 593.11 Perinatal hyperoxia and adult physiological responses to hypoxia 2467

Table 1. Breathing parameters in control and hyperoxic animals

Breathing atmosphere 20% O2, air 12% O2 10% O2 7% O2 5% CO2 in air

Control animals
Breathing frequency (breaths min–1) 69.0 ± 4.8 97.3 ± 9.7∗∗∗ 129.2 ± 8.6∗∗∗ 113.6 ± 17.6∗∗∗ 107.1 ± 9.7∗∗∗

Tidal volume (ml kg–1) 8.9 ± 1.5 8.6 ± 1.3 8.94 ± 1.1 11.5 ± 1.5∗∗ 11.9 ± 1.4∗∗

Minute ventilation (ml min–1 kg–1) 630.6 ± 122 900.1 ± 204.7∗ 1135.2 ± 164.3∗∗∗ 1289.3 ± 319.8∗∗∗ 1268.6 ± 159.3∗∗∗

Hyperoxic animals
Breathing frequency (breaths min–1) 70.7 ± 4.8 98.3 ± 11.3∗∗∗ 116.7 ± 10.3∗∗∗ 115.3 ± 11.5∗∗∗ 115.4 ± 29.3∗∗∗

Tidal volume (ml kg–1) 9.2 ± 2.1 8.4 ± 1.9 9.5 ± 2.3 12.1 ± 2.6∗∗ 13.0 ± 1.2∗∗∗

Minute ventilation (ml min–1 kg–1) 672.8 ± 166.3 818.8 ± 185.2 1072.9 ± 300.6∗∗∗ 1380.8 ± 308.1∗∗∗ 1474 ± 405.4∗∗∗

Data are the mean ± SD of seven to 12 individual values. ∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001 vs. 20% O2. No differences were
observed between control and hyperoxic animals. The P value for interaction term was 0.1993, indicating that the effects of different
atmospheres on ventilation follow the same trend (two-way ANOVA for repeated measures. Bonferroni’s post hoc test).

Effects of hyperoxic exposure on ventilation

In a previous study (Prieto-Lloret et al. 2004), we evaluated
ventilation based on measurement of the breathing
frequency. The present plethysmographic recordings
demonstrated that perinatal hyperoxic exposure did not

alter breathing frequency or TV in any of the atmospheres
assessed. Computed minute ventilation indicated that the
effects of different atmospheres on ventilation follow the
same trend in control and perinatal hyperoxic animals
(Table 1).
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Effect of hypoxia on CB CA content

In control rats, hypoxia (10 h; 10% O2; barometric
pressure 710 mmHg) augmented DA and, more
moderately, NE levels in the CB, demonstrating
the activation chemoreceptor cells and short-term
regulation and induction of tyrosine hydroxylase (Fig. 7A

and B). Thus, DA levels in normoxic conditions
amounted to 256.2 ± 132.6 pmole/mg tissue (95%
CI = 203.7–308.6) and, after the hypoxic episode,
increased to 497.0 ± 172.2 pmole/mg tissue (95%
CI = 439.6–554.4; P < 0.001; one-way ANOVA followed
by Tukey’s multiple comparisons test). By contrast, in
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hyperoxic rats, which have augmented normoxic levels
of DA per unit of tissue weight (466.8 ± 229.2 pmole/mg
tissue 95% CI = 344.7–588.9; Prieto-Lloret et al. 2004),
the hypoxic episode markedly decreased DA levels to
248.7 ± 299.7 pmole/mg tissue (95% CI = 144.1–353.3;
P < 0.001; one-way ANOVA followed by Tukey’s multiple
comparisons test). NE followed a comparable behaviour
(Fig. 7A and B). These findings reveal the incapacity of the
biosynthetic machinery with respect to coping with the
increased utilization of CA in the CB of hyperoxic animals
under hypoxia.

However, the evolution of NE in chemoreceptor cells
during hypoxia is difficult to trace because a significant
amount of NE is present in sympathetic endings (Mir
et al. 1982). To obtain additional insight, we measured
CA in the SCG (Fig. 7C and D). The per unit weight
steady-state levels of both NE and DA tend to be smaller
in the hyperoxic animals than in animals reared in a
standard atmosphere. The 10 h hypoxic episode reduced
NE content in the SCG by 31% in control rats and by only
13% in hyperoxic animals; the hypoxic episode diminished
DA levels by almost 70% in control rats and by 40% in

hyperoxic rats. Thus, the regulation of the storing/
utilization of NE and DA in the SCG during the hypo-
xia exhibits a fundamental difference compared to the CB
in control animals but, in hyperoxic animals, there is a
comparable trend.

Glutathione levels and redox status in lung, liver, and
brain in hyperoxic animals: effects of
supplementation with an antioxidant diet

Although, based on plasma measurements of carbonylated
proteins, it has been reported that perinatal hyperoxia does
not cause oxidative stress (Bavis et al. 2008), we aimed to
re-examine this aspect by measuring the levels of GSH and
GSSG, the main determinant of the redox status in several
tissues. The extension of the measurement of glutathione
to these three tissues relies on the observation that
intermittent and sustained hypoxia cause tissue-specific
oxidative damage, with some tissues showing altered redox
status, whereas others maintain this (Singh et al. 2001;
Jun et al. 2008; Quintero et al. 2013). Figure 8 shows
that, at 7 days of age, control levels of total glutathione
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(GSH + GSSG) approached 1 μmol g–1 tissue in the
lung and brain, being approximately tripled in liver.
Glutathione levels did not increase with age in the lung
or brain, whereas, in the liver, total glutathione almost
doubled, reaching levels close to 6 μmol g–1 tissue in adult
animals. Hyperoxic exposure caused a significant decrease
in GSH levels in the three tissues at 7 days of age, whereas,
in the lung and liver, GSSG levels increased but decreased
in the brain. The net result was that the EGSH was very
significantly decreased in lung from –192.9 ± 9.3 mV
(95% CI = –198.8 to –187) to -170.7 ± 11.7 mV
(95% CI = −176.9 to −164.4) and in the liver from
−224.9 ± 2.9 mV (95% CI = −226.9 to −222.9) to
−206.3 ± 9.8 mV (95% CI = −211.3 −201.3) (i.e. there
was an increased oxidative status in these tissues) being
normal in the brain −211.4 ± 3.6 mV (95% CI = −214.1
to −208.7) vs. −207.8 ± 7.5 mV (95% CI = −211.8
to −203.8). At 90 days, hyperoxic animals had normal
GSH, GSSG and EGSH. Supplementation of the diet with
antioxidants reversed the increased oxidative status in the
lung and liver at 7 days of age, which became normal
and remained normal or even improved at 90 days of
age. Again, supplementation with antioxidants resulted
in a somewhat paradoxical effect in the brain because it
produced a diminution of the EGSH at 7 days, remaining
low at 90 days.

Effects of supplementation with an antioxidant diet
on ventilation: CB responses and HPV

The results outlined above prompted us to investigate
whether supplementation with antioxidants restored
functional responses. Figure 9A–C shows the effect of
supplementation on HPV. An antioxidant diet restored

the sensitivity-response of PASMC to hypoxia so that the
�PAP produced by the hypoxic test (3 min, 10% O2)
amounted to 3.00 ± 0.93 mmHg (95% CI = 2.43–3.56),
which is identical to that found in control animals
3.1 ± 2.0 mmHg (95% CI = 1.77–4.37). At the systemic
level, the hypoxic test in hyperoxic supplemented rats
caused a hypotensive response similar to that encountered
in control animals (Fig. 9D).

Restoration of the HPV with the antioxidant diet
prompted an evaluation of whether it also restored CB-
related functions. Figure 10A shows minute ventilation
in control, hyperoxic and hyperoxic diet-supplemented
animals expressed as percentage of normoxic ventilation
(20% O2), which, in all cases, was taken as 100% and
amounted, respectively, to 620.4 ± 175.9 ml min−1 kg−1

(95% CI = 526.72–714.17; n = 16), 642.5 ± 156.6 ml
min−1 kg−1 (95% CI = 559.0–725.92; n = 16) and
584.5 ± 82.5 ml min−1 kg−1 (95% CI = 532.11–636.93;
n = 12). There was a non-significant tendency for
ventilation to decrease in a 12% O2 atmosphere in
the hyperoxic supplemented animals. However, neither
hyperoxia, nor hyperoxia plus diet supplementation
altered normoxic, CB-mediated hypoxic ventilation or
hypercapnic ventilation, which is mediated both by CB and
the brain stem (two-way ANOVA for repeated measures
followed by Bonferroni’s post hoc test). Figure 10B
shows that the CB response to hypoxia, measured
as 3H-CA release, was markedly diminished in both
hyperoxic and hyperoxic supplemented animals, whereas
the response to high external K+ was not different from
controls. Figure 10C shows that, in control CBs, a 10 min
incubation period in a hypoxic solution augmented the
levels of cAMP from 7.0 ± 5.6 (95% CI = 3.62–10.42)
to 15.8 ± 12.1 pmole/mg tissue (95% CI = 6.48–25.17)
(P < 0.01 two-way ANOVA with a Bonferroni’s multiple
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comparison test), whereas, in both hyperoxic groups, it
did not increase the levels of this second messenger.

Erythropoietin production

Normoxic baseline values of EPO plasma levels in the
control rats yield values above the threshold level of
detection, and the mean ± SD EPO levels measured in
seven rats amounted to 0.4 ± 0.9 mU ml−1 of plasma. A
separate group of seven animals exposed to hypoxia (10%
O2) for 5 h showed EPO levels of 3.24 ± 2.77 mU ml−1

and, in an additional group of 14 animals exposed to 10 h
of hypoxia, EPO levels reached 23.11 ± 26.56 mU ml−1

(n = 14) (Fig. 11A). This temporal pattern of EPO
production in response to hypoxia reported in the pre-
sent study is similar to that originally described by
Eckardt et al. (1990). In these initial experiments, we
noted the existence of a marked sexual dimorphism with
respect to EPO production in response to this level of

hypoxia. This dimorphism is responsible for the high
variability of the data shown in Fig. 11A and lead us to
separate males and females in subsequent experiments.
Both control and perinatally hyperoxic male and female
rats had mean basal EPO levels below 1 mU ml−1 of
plasma (0.84 ± 0.25 mU ml−1; 95% CI = 0.77–0.92;
n = 44) (Fig. 11B). A 10 h period of exposure to hypoxia
increased EPO levels, albeit these were markedly different
according to sex. Thus, in control and hyperoxic male rats,
EPO levels reached, respectively, 41.8 ± 29.5 mU ml−1

(n = 30; 95% CI = 30.7–52.8) and 43.8 ± 31.4 mU ml−1

(n = 11: 95% CI = 22.7–64.9) (P < 0.001 vs. normoxia);
in female control and hyperoxic rats, EPO levels reached,
respectively, 6.9 ± 8.4 mU ml−1 (95% CI = 2.67–11.28;
n = 17) and 9.9 ± 17.7 mU ml−1 (95% CI = 1.68–18.27;
n = 20) (n.s. vs. normoxia; two-way ANOVA followed
by Bonferroni’s multiple comparison test). As shown in
Fig. 11B, the hypoxic EPO levels in males vs. females
were statistically different both in control and in hyperoxic
animals.
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Figure 8.
Levels of GSH and GSSG (A and B, respectively) and EGSH (C) in lung (top), liver (middle) and brain (bottom) of
control, hyperoxic and antioxidant diet supplemented hyperoxic rats of 7 and � 90 days of age. Data are the
mean ± SD of 12–16 individual values. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001 vs. controls of the same age. Two-way
ANOVA, followed by Tukey’s multiple comparison test.
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Discussion

The most novel and important finding of present study
is that perinatal hyperoxia causes a loss of HPV in
adult animals, which is associated with an early postnatal
oxidative status in the lung, is reversed by supplementation
with an antioxidant diet and, in dissociated cells, is not
linked to alterations in the O2-sensitive K+ currents. In
the discussion that follows, we first deal with the findings
and their mechanisms, and follow-up by discussing their
potential clinical significance. Additionally, we confirm
that perinatal hyperoxia damages the CB functionally,
whereas hypoxic and hypercapnic ventilatory responses
are maintained. We also find that exposure to perinatal
hyperoxia does not alter the increase in EPO plasma levels
produced by hypoxia, suggesting a normal responsive to
hypoxia by EPO-producing cells. The data also show a
marked sexual dimorphism, with males attaining hypoxic
plasma EPO levels almost four times larger than that of
females.

At the outset, we want to justify the experimental
model used. In the present study, as in previous studies
conducted with CBs (Ling et al. 1997; Erickson et al. 1998;
Fuller et al. 2002; Bisgard et al. 2003; Prieto Lloret et al.
2004; Wenninger et al. 2006; see Bavis et al. 2013), the

model used recalls perinatal oxygen therapy in humans.
However, we emphasize that the model does not exactly
mimic oxygen therapy in humans: in infants, the aim of
oxygen therapy is to attain normal O2 levels in blood,
whereas, in our model, a higher than normal PO2 should
be expected and therefore PASMC, CBCC and kidney
EPO-producing cells are exposed to a hyperoxic milieu
in our animals. Nonetheless, we would suggest that, in
infants subjected to oxygen therapy, a certain level of
hyperoxia would occur in pulmonary vessels along the
O2 diffusion pathway from the alveoli to erythrocytes. It
should be noted that infants requiring oxygen therapy
comprise low weight preterm babies most frequently born
from eclamptic or pre-eclamptic mothers kept under
oxygen therapy (commonly 55–60% O2). It has been
shown that oxygen therapy in mothers lowers the peri-
natal mortality rate (Say et al. 2003) because extra days
of intrauterine life allow the weight gain of the fetus.
In this context, we also note that our model is not a
model of bronchopulmonary dysplasia, a condition that
might represent the outcome of up to 25% preterm-low
weight O2-treated surviving infants (Saugstad et al. 2014)
and is characterized separately from a great number
of pathologic lung lesions, including anomalous lung
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Figure 9. Hypoxic pulmonary vasoconstriction recorded in anaesthetized rats perinatally exposed to
hyperoxia and fed with an antioxidant diet
A, sample recording in a hyperoxic supplemented rat. B, mean pulmonary arterial pressure in normoxia (air),
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vasculature development and pulmonary hypertension
(Baker and Alvira, 2014); instead, the model used in
the present study would represent the remaining 75%
preterm infants who reach adulthood without apparent
pathologies. In sum, our model deals with long-term silent
and not previously recognized complications of perinatal
oxygen therapy. The normality of blood gases (Ling et al.
1996), blood cell counts (Prieto-Lloret et al. 2004) and
basal pulmonary arterial pressure observed in animals in
the present study excludes bronchopulmonary dysplasia.
The present experimental model was not designed to

investigate the subacute effects of perinatal hyperoxia
immediately after exposure to an O2-rich atmosphere
(Bland et al. 2000).

Our findings demonstrate that hyperoxic exposure
abrogates the expression of some element of the hypoxic
transduction cascade indispensable for developing HPV.
As in the case of CBCC (Prieto-Lloret et al. 2004;
Kim et al. 2013), the data shown in Figs 1 to 4
indicate that the unexpressed element in PASMC of
hyperoxic animals is upstream of depolarization and
Ca2+ entry via voltage-operated Ca2+ channels. Thus,

50

100

150

200

250

300 C

H
HS

M
in

u
te

 v
e
n
til

a
tio

n
(%

 c
o
n
tr

o
l)

20% O2 12% O2 10% O2 7% O2 5% CO  in air2

A

B

0

5

10

15

20 C H HS

*** ***

5%O2 35 mM K+

3
H

-C
A

 e
v
o
k
e
d
 r

e
le

a
s
e

(%
 C

B
 c

o
n
te

n
t)

C

0

10

20

30

C H HS

**

+

+++

7% O2Basal

c
A

M
P

 l
e
v
e
ls

(p
m

o
l/
m

g
 t
is

s
u
e
)

Figure 10. Ventilation, release of 3H-CA
and cAMP in control, hyperoxic and
hyperoxic diet supplemented hyperoxic
rats
A, minute ventilation in different
atmospheres (as drawn) in control, hyperoxic
and hyperoxic supplemented rats. B, release
of 3H-CA from the CBs of rats of same
experimental groups elicited by hypoxia and
high external K+. C, normoxic and hypoxic
(10 min of incubation with 7% O2

equilibrated atmosphere) cyclic AMP levels
in the CBs of rats of the same three groups.
Data are the mean ± SD of 12–16 individual
values. In every case, statistical comparisons
have been made comparing data obtained
in CBs from the two different experimental
groups (hyperoxic and hyperoxic
supplemented) with the control group.
∗∗P < 0.01; ∗∗∗P < 0.001. C, +P < 0.05 and
+++P < 0.001 vs. control hypoxic.

E
P

O
 m

U
/m

l 
p
la

s
m

a

Normoxia
Control, hypoxia
Hyperoxic, hypoxia

Male Female
0

20

40

60

80
***

***

+++

+++

BA

Hypoxic exposure (h)

E
P

O
m

U
/m

l
p
la

s
m

a

0 5 10

0

10

20

30

40

50

60

Figure 11. Effects of a hypoxic episode lasting five or ten hours on the levels of erythropoietin in plasma
of standard control rats and of animals perinatally exposed to hyperoxia
A, time course of plasma EPO levels change in control animals. Mean ± SD of n = 7 (0 h), n = 7 (5 h) and n = 14
(10 h) rats; the data were obtained from an approximately equal number of males and females. B, normoxic and
hypoxic (10 h in a 10% O2 atmosphere) plasma levels of EPO in control and perinatally hyperoxic male and female
rats. Data are the mean ± SD of 30 and 11 male control and perinatally hyperoxic rats, respectively, exposed to a
10 h hypoxic episode; in female rats, n = 17 (control in hypoxia) and n = 20 (perinatally hyperoxic rats in hypoxia).
∗∗∗P < 0.001 vs. normoxia; +++P < 0.001 males vs. females.

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society



2474 J. Prieto-Lloret and others J Physiol 593.11

4-AP, a depolarizing agent that would almost completely
inhibit Kv currents, leading to cell depolarization and
activation of voltage-operated Ca2+ channels, Ca2+ entry
and activation of the contraction (Olschewski et al.
2002; Cogolludo et al. 2005), generates an increase in
PAP that is almost identical in control and hyper-
oxic rats (Figs 3A–C). These observations, along with
the immunohistochemical demonstration of the normal
thickness of the muscular layer in resistance arterioles
(Fig. 3D and E), would indicate a normal development
of lung vasculature. If voltage-operated Ca2+ channels
and contractile machinery function with normality, and
even further, if IK+ and the O2-sensitive IK+ component
are normal (Figs 5 and 6), what might represent the
element damaged by hyperoxia? The O2-sensing property
appears to depend on an O2-sensor specifically expressed
in PASMC and in CBCC (Plathosyn et al. 2006; Gonzalez
et al. 2009; Sylvester et al. 2012). On the other hand, and
in contrast to CBCC (Vicario et al. 2000b) intracellular
Ca2+ stores are necessary for the expression of the oxygen
dependent contraction in PASMC because emptying of the
Ca2+ stores almost abolishes the hypoxic response (Dipp
et al. 2001; Dipp and Evans, 2001). However, Ca2+ entry
in PASMC is necessary to generate a sustained response
because, in Ca2+-free solutions, hypoxia produces a
short-lasting Ca2+ transient and a near ablation of the
HPV; suppression of the expression of the store-operated
Ca2+ entry complex also almost abolishes the Ca2+
increase and PASMC contraction elicited by hypoxia (Dipp
et al. 2001; Wang et al. 2005; Lu et al. 2009; Ng et al.
2010). These findings suggest that O2-sensing machinery
generates a signal that leads to empty Ca2+ stores, which
in turn leads to activation of the store-operated Ca2+
entry complex, entry of Ca2+ and genesis of the sustained
response in PASMC (Sylvester et al. 2012; Swenson, 2013).
From this perspective, postnatal oxidative stress produced
by hyperoxia (Figs 8 and 9) either damages or silences the
expression of the mechanism linking O2-sensor with Ca2+
stores releasing machinery or, alternatively, it silences the
store-operated Ca2+ entry complex (stromal interaction
molecule and Orai-1 channels; STIM). Because STIM and
Orai are overexpressed in pulmonary hypertension (Song
et al. 2011; Ogawa et al. 2012), and oxidative stress can
regulate the abundance of STIM and Orai (Patterson et al.
2012, Nunes and Demaurex, 2014), we would propose that
hyperoxic stress causes a suppression of their expression.
We omit a possible role for the vascular endothelium
because our measurement of eNOS expression is normal
and the hypoxia-induced contraction of PASMC is an
intrinsic property of these cells (Murray et al. 1990).

The findings shown in Fig. 7A confirm that, per unit
weight, hyperoxic CBs have higher NE and DA content
compared to controls (Prieto Lloret et al. 2004), in addition
to showing that the regulation of CA metabolism in
chemoreceptor cells is profoundly altered in hyperoxic

animals. Because hypoxia causes an increase in the release
of CA, particularly of DA, the increased levels of DA
after 10 h of hypoxia in control animals indicate that
the activation of CBCC causes an increase in the activity
of tyrosine hydroxylase (the limiting enzyme in CA
synthesis), which is capable of coping with the augmented
release and even causing an overfilling of CA stores.
The mechanisms leading to activation of tyrosine hydro-
xylase would include an initial reduction of the feedback
inhibition by product, as well as phosphorylation and
induction of the enzyme (Gonzalez et al. 1979; Fidone
et al. 1982; Czyzyk-Krzeska et al. 1992). Figure 7A and
B indicates that the overall activation of DA synthesis
in response to hypoxia in the CB of control animals is
stronger than that of NE synthesis, probably as a result
of a very significant part of NE (>50%; Mir et al. 1982)
being stored in sympathetic fibre endings (DA is stored
exclusively in CBCC) whose biosynthetic machinery is
less strongly activated by hypoxia (Gonzalez et al. 1979);
consistent with this interpretation, the levels of NE and
DA in the SCG of control animals decreased as a result
of the hypoxic stimulation (Fig. 7C and D). In hyper-
oxic animals, the 10 h hypoxic episode caused a marked
decrease of both NE and DA, indicating that, even if the
release of both CA induced by hypoxia is smaller than
in control (Prieto-Lloret et al. 2004) (Fig. 10B), the CA
biosynthetic machinery is unable to maintain the CA
stores. As shown in Fig. 10C, perinatal hyperoxic exposure
causes a loss of the capacity of hypoxia to increase cAMP
levels in the CB (Perez-Garcia et al. 1990) and therefore
the covalent regulation by phosphorylation and the cAMP
response element-binding-mediated induction (Lim et al.
2000) are probably lost. Additionally, cAMP augments the
release of CA from the CB in response to hypoxia and
does not affect the release induced by high external K+
(Perez-Garcia et al. 1991) and the findings of the present
study also show that hyperoxia lessens the release induced
by hypoxia without affecting the release induced by high
K+. Both observations combined would suggest that the
incapacity of CBCC to release CA in response to hypoxia is
a result, at least in part, of an incapacity to generate cAMP.

Despite these diminished functions of the CB in
hyperoxic animals (i.e. diminished capacity to synthesize
and release CA during hypoxia, as well as diminished
sensory chemoreceptor activity in response to hypoxia),
the redundancy of the chemoreceptor activity reaching
the brain stem (Prieto-Lloret et al. 2004) is capable
of maintaining basal and hypoxic ventilation (Table 1).
Additionally, the normal capacity of animals with respect
to responding to hypercapnia (a response mediated by
�60–70% by central chemoreceptors; Gonzalez et al.
1994) would indicate that central mechanisms controlling
respiration are not affected by the hyperoxic exposure. It
cannot be excluded that the smaller increase in minute
ventilation with the very moderate hypoxic stimulation
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(12% O2) observed in hyperoxic animals represents a lower
sensitivity to this very mild level of hypoxia (Bavis et al.
2011).

Hyperoxic exposure does not alter the hypoxia triggered
EPO production that is known to be mediated by HIF-1α.
However, our experiments unveil a very marked sexual
dimorphism in the response to hypoxia. It has also been
shown that male rats contain 3-fold greater levels of
EPO in the kidney than females after 4 h of exposure
to hypoxia (Fried et al. 1982). Because oestradiol greatly
attenuates the activity/expression of HIF-1α and the
EPO production induced by hypoxia in HEP3B cells
(Mukundan et al. 2004), this would implicate sexual
hormones in the diminished EPO plasma levels found in
female rats. We have not observed any sexual dimorphism
in the ventilatory response to hypoxia and hypercapnia.
It should be noted that studies conducted in humans
and laboratory animals in this regard have generated
conflicting results (Behan et al. 2003). However, Gassman
et al. (2009) have reported that the effects of EPO on
ventilation exhibit a clear sexual dimorphism. At this
point, we want to explicitly state that, if our interpretation
has been correct, perinatal oxidative damage would be
specific for pulmonary vessels because the antioxidant diet
did not reverse the alterations induced by hyperoxia in the
CB and EPO plasma levels were not affected by hyperoxia.

In sum, our observations would suggest that anti-
oxidants may be beneficial to human preterm infants.
Certainly, the idiosyncratic responses of brain tissue to
hyperoxia and the antioxidant supplementation imposes
a word of caution because it appears that a long-lasting
oxidative status might be present in brain tissue. However,
we should state that, behaviourally, nothing abnormal
(i.e. sleep rhythm, general motor activity, exploratory
behaviour) was detected in hyperoxic rats and the
responses measured that involve central nervous system
integration (ventilation, systemic blood pressure) were
normal (Fig. 10 and Table 1). Additionally, we would
recommend that, when facing lung diseases or thoracic
surgery, a patient’s medical history should be meticulously
examined with respect to perinatal O2 administration.
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