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Abstract

Swenson, Erik R. Hypoxic pulmonary vasoconstriction. High Alt Med Biol 14:101-110, 2013.—Hypoxic pul-
monary vasoconstriction (HPV) continues to fascinate cardiopulmonary physiologists and clinicians since its
definitive description in 1946. Hypoxic vasoconstriction exists in all vertebrate gas exchanging organs. This
fundamental response of the pulmonary vasculature in air breathing animals has relevance to successful fetal
transition to air breathing at birth and as a mechanism of ventilation-perfusion matching in health and disease. It
is a complex process intrinsic to the vascular smooth muscle, but with in vivo modulation by a host of factors
including the vascular endothelium, erythrocytes, pulmonary innervation, circulating hormones and acid-base
status to name only a few. This review will provide a broad overview of HPV and its mechansms and discuss the
advantages and disadvantages of HPV in normal physiology, disease and high altitude.

Introduction

HYPOXIC PULMONARY VASOCONSTRICTION (HPV) contin-
ues to fascinate cardiopulmonary physiologists and
clinicians since its definitive description in the cat in 1946
by von Euler and Liljestrand (1946) and soon thereafter in
humans (Motley et al., 1947). The story, however, dates
back to the latter half of the nineteenth century, when evi-
dence for HPV was found in animal experiments involving
cessation of ventilation and not isolated hypoxia, per se
(Bradford and Dean, 1894). This history and inclusion of
virtually the entire literature on HPV (>3000 publications)
can be found in the recent encyclopedic opus by Sylvester
and colleagues (2012). Although the focus of this review is
heavily weighted to mammalian physiology and high al-
titude, hypoxic vasoconstriction occurs in all respiratory
organs (skin, gills, and lungs) across the vertebrate king-
dom (Weir et al., 2005).

Characterization of Hypoxic
Pulmonary Vasoconstriction

Increased pulmonary vascular resistance (PVR) and pul-
monary artery (PA) pressure upon ascent to high altitude or
exposure to normobaric hypoxia universally occur in humans
and other mammals. HPV can be detected with elevations in
altitude as low as 1600—2500 m or with reductions in FO, to
0.15-0.18 (Levine et al., 1997; Smith et al., 2012; Swenson et al.,
1994). The magnitude of HPV can vary almost five-fold
among individuals (Fig. 1; Gruenig et al., 2000) and among
species, in part related to total pulmonary vascular smooth

muscle (Fig. 2; Faraci et al., 1984; Tucker et al., 1975), and with
time at altitude from minutes to several days (Dorrington
etal., 1997; Groves et al., 1987). HPV is the earliest mechanism
that elevates PA pressure and PVR with hypoxic or high al-
titude exposure, but ultimately other mechanisms (perhaps
partly in reaction to the initial elevation of pressure initiated
by HPV along with greater cardiac output), but also activation
of pressure-independent hypoxia- sensitive inflammatory
and proliferative pathways (Voelkel et al., 2013) may more
importantly contribute to the sustained pulmonary vascular
resistance as a consequence of vascular remodeling that is
generally established within days to weeks of continuous al-
veolar hypoxia (Grover, 1985; Sommer et al., 2008). These
aspects beyond early HPV are discussed elsewhere in this
issue by Welsh and Peacock. Acute HPV progressively di-
minishes over time with sustained hypoxia in newcomers to
high altitude, as assessed by a fall in pressure and resistance
with oxygen breathing. As early as 8 hours (Dorrington et al.,
1997) through 1-3 days (Kronenberg et al., 1971; Maggiorini
et al., 2001), the rise in pressure cannot be quickly and fully
reversed with return to normoxia (Fig. 2). Within one to sev-
eral weeks there is little response to oxygen over the first
several hours of inhalation (Dubowitz and Peacock, 2007;
Groves et al., 1987; Rotta et al., 1956). Reversibility with ox-
ygen is usually the method to assess acute HPV in subjects
already at altitude rather than exposing the subjects to more
hypoxia, which of course is the means to test for HPV at low
altitude. Whether those that have little vasodilation with ox-
ygen also have little further vasoconstriction with additional
hypoxia has never been studied.
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FIG. 1. HPV variability as assessed by pulmonary artery
systolic pressure response in normal humans to 4h of
moderate hypoxia. Subjects noted by solid lines are suscep-
tible to high altitude pulmonary edema (HAPE) and show

exaggerated HPV, while subjects without HAPE suscepti-
bility (interrupted lines) have lower HPV (Griinig et al., 2000).

Although changes in inspired oxygen remain widely used
to assess HPV, it must be remembered that changes in arterial
oxygenation and acid-base status always follow an alteration
in inspired oxygen, so that systemic effects such as changes in
CNS and autonomic nervous activity might also contribute to
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FIG. 2. Time course in pulmonary artery pressure (systolic,
mean, and diastolic) and wedge pressure in humans with
acute hypoxia showing lack of complete resolution of HPV
with return to normoxia after 8 hours (Dorrington et al.,
1997).
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the pulmonary vascular response. It would be useful to em-
ploy a truly selective HPV inhibitor or stimulator in vivo rather
than use changes in inspired oxygen, but all presently avail-
able pulmonary vasoactive agents have actions elsewhere in
the circulation and brain, which make them less than ideal.

Lowland species with stronger acute HPV tend to develop
greater pulmonary hypertension with chronic hypoxia than
animals with weaker HPV (Figs. 3 and 4). In contrast, species
that are native to high altitude have relatively low pulmonary
artery pressures and blunted HPV (Durmowicz et al., 1993;
Faraci et al., 1984; Harris et al., 1982; Llanos et al., 2007) and
those human populations having resided longest at high al-
titude on the Tibetan plateau (Fig. 5) also have lower PA
pressures (Groves et al., 1993; Hoit et al., 2005; Sun et al., 1993)
and lesser HPV (Groves et al., 1993). These findings of re-
duced HPV after many generations at high altitude suggest
either some element of eventual regression of remodeling or
more likely environmental pressure that selectively favors
individuals with low HPV.

The critical Po, initiating HPV in a lung region or the whole
lung is largely influenced by alveolar Po, as set by inspired
Po, and the ventilation-perfusion (V »/Q) ratio, but bronchial
arterial Po, (equivalent to systemic arterial Po,) and mixed
venous Po, may also contribute to a lesser degree and in an
additive fashion (Marshall and Marshall, 1988). Because the
bronchial arterial circulation perfuses the vaso-vasorum of the
pulmonary arteries, systemic arterial Po, will influence HPV.
When pulmonary arterial Po, was lowered in cats while the
lungs were ventilated with 20% oxygen, HPV was evident
and was further increased when alveolar hypoxia was im-
posed by ventilation with 10% oxygen (Hyman et al., 1981).
Separate perfusion of the bronchial artery in the sheep with
deoxygenated blood, while alveolar Po, and systemic Po,
were held constant, led to an increase in pulmonary artery
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FIG. 3. HPV in a variety of mammals showing baseline
differences in normoxic mean pulmonary artery pressure
and increases with acute hypoxia (Reeves et al., 1979).
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FIG. 4. Species variability in severity of pulmonary hy-
pertension during with chronic hypoxia (Reeves et al., 1979).

pressure (Marshall et al., 1991). In animal studies in which it is
possible to control and hold systemic arterial and alveolar Po,
constant, reductions in mixed venous Po, sensed in the pul-
monary artery cause vasoconstriction (Hyman et al., 1981;
Pease et al., 1982). The importance of mixed venous Po, as a
factor in HPV may be magnified with exercise, particularly at
high altitude, when mixed venous Po, falls to very low ten-
sions as result of high tissue oxygen extraction and greater
arterial hypoxemia than at rest. It should be noted that in
animal studies at the level of the isolated lung, severe acute
hypoxia leads to a reduction and failure of HPV, likely owing
to metabolic energetic failure (Sylvester et al., 2012) at levels
(Po, <20 mmHg) not tolerable or relevant in a live animal.
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FIG. 5. Mean pulmonary artery pressure at rest versus ar-
terial Po, for Tibetans compared with data from high alti-
tude residents of North and South America (Groves et al.,
1993).
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Mechanisms of Acute Hypoxic
Pulmonary Vasoconstriction

HPV is a complex process with elements of its expression
arising from multiple points in the neuro-cardiopulmonary
axis, with variation in intensity and mechanisms over time
(Sylvester et al., 2012). In addition to the intrinsic hypoxic
response of pulmonary vessels that can be elicited in isolated
pulmonary vascular smooth muscle cells and vessels, there
are numerous extrinsic modulating influences sensitive to
oxygen in vivo that include the vascular endothelium, red
cells, chemoreceptors, autonomic nervous system, and lung
innervation, as shown in Figure 6. The response of the pul-
monary circulation to environmental hypoxia is characterized
by contraction of smooth muscle cells within small pulmonary
arterioles and veins of a diameter less than 900 um, the veins
accounting approximately for 20% of the total increase in
pulmonary vascular resistance (Audi et al., 1991; Hakim et al.,
1983). At a regional level within the lung vasculature, the
magnitude of HPV may not be equivalent in all areas or static
over time (Asadi et al., 2013; Dawson, 1969; Dehnert et al.,
2006; Hopkins et al., 2005; Urano et al., 2005). As a conse-
quence of this unevenness of regional HPV, some areas of the
vasculature may be more perfused than others if they have a
lower HPV response relative to other areas. This appears to be
the case in those with a stronger global HPV response and
susceptibility to high altitude pulmonary edema (Dehnert
et al., 2006; Hopkins et al., 2005). Although it is not generally
thought that hypoxia acts at the microvascular or acinar level,
pulmonary capillary endothelial cells respond to hypoxia
with membrane depolarization (Wang et al., 2012). As yet, no
evidence has been found for capillary constriction (Conhaim
et al., 2008) despite evidence that other vasoconstrictors are
active at this level and in surrounding parenchymal perivas-
cular cells that contain actin and myosin microfilaments
(Watson et al., 2012).

HPV in intact animals and humans appears to be fully ex-
pressed within 6-8 hours and has several temporal compo-
nents. The first occurs within 5 minutes with a half time of
about 30-90 seconds (Deem et al., 2000; Johansen et al., 1998;
Morrell et al., 1995; Talbot et al., 2005; Vejlstrup et al., 1997). A
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FIG. 6. Diagram of modulating influences on HPV (see text
for details).
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second phase of greater pressure elevation (almost double) is
evident in humans and plateaus at 2 hours (Talbot et al., 2005).
In animal studies, further elevation of pressure develops over
the next 6-8 hours (Vejlstrup et al., 1997). This has been con-
firmed in studies of isolated pulmonary arteries, lungs, or
vascular smooth muscle cells showing a third phase taking
upward of 8 hours (Aaronson et al., 2002). Although isolated
vessels or lungs appear to show a roll off in the increased
pressure after initial exposure to hypoxia after 10-15min
which then subsequently rises again to greater levels over the
next several hours (Aaronson et al., 2002), this has not been
observed in vivo (Dorrington et al.1997; Teppema et al., 2007).
The mechanisms behind these differing time phases and dif-
ferences between in vivo and isolated lung and vessel inves-
tigations has not been well studied, but the isolated vessel
studies suggest the first phase is intrinsic calcium-dependent
smooth muscle contraction, with the later phases representing
the summation of numerous other modulating influences
acting on the smooth muscle (Aaronson et al., 2002; Sylvester
etal., 2012) in a calcium concentration-independent fashion as
discussed below. The absence of an early roll off in pressure
in vivo but not in isolated lungs and vessels is not explained,
but intact innervation of lung in vivo may play a role (see
below). The roll off may be a phenomenon related to the much
more severe hypoxia that can be applied in the isolated situ-
ations, or is the result of the increase in cardiac output that is
not modeled in the isolated lung studies. All of these differing
hypoxic responses are fully and immediately reversible with
return to normoxia if hypoxia is not extended beyond several
hours.

HPV at the level of the vascular smooth muscle

There are several mechanisms involved in HPV that are
activated in parallel or sequentially, leading to the critical
increase of intracellular calcium and/or an enhanced calcium
sensitivity of the actin-myosin that initiates contraction
(Sommer et al., 2008; Sylvester et al., 2012). Intracellular cal-
cium concentration is increased by hypoxia-mediated inhibi-
tion of several potassium channels, leading to membrane
depolarization and extracellular calcium entry through L-type
channels, and a release of calcium from the sarcoplasmic
reticulum (SR), with consequent further influx through store-
operated calcium channels (SOCC), receptor-operated cal-
cium channels (ROCC), and transient receptor potential
channel 6 (TRPC6). Figure 7 depicts the very complicated and
multiple pathways by which intracellular calcium in pulmo-
nary vascular smooth muscle is quickly altered by hypoxia to
initiate HPV. In addition, sensitivity to calcium of the con-
tractile elements is enhanced via a hypoxia-induced increase
in Rho-kinase activity (Weigand et al., 2011). The change in
oxygen tension that stimulates these components of HPV is
signaled by an alteration in the redox status of the smooth
muscle cells (Schumacker, 2011; Sommer et al., 2008). Whether
an increase or a decrease of reactive oxygen species (ROS) is
responsible for HPV signal transduction is still under debate,
but a stronger case is emerging that hypoxia increases mito-
chondrial ROS generation as an upstream signal for HPV
(Schumacker, 2011). It is clear that high altitude exposure in-
creases stable circulating markers of ROS production and
persons with higher HPV appear to generate more ROS and
less bioactive vasodilating NO species across the lung (Bailey
et al., 2010).

SWENSON

=
s0ce Sarcopiasmic (3
NSCC] rescubm refcdum |2
(. : =uJ
w4 e
ca® cat Ay L ]
. =5 - | o
: T SERCA | '
4 -
PR ;E:'_.,. 1RyR Ry ln lEl PR
1

- Milochondria Mitcehondria
Ca® (Na) = — B e e e N
?32%. \ Effects ufl!rpnlllo;pl'fmly |
\ Activabe  Inhibit
Elevated [Ca®); Probatle ——
Prialbly e

FIG. 7. Diagram of PASMC intracellular calcium ([Ca%*1i)
pathways with acute hypoxia. Pathways that increase
([Ca®*]i are shown on the left, while those that decrease
([Ca®*]i are on the right. Hypoxia can activate (green) or in-
hibit (red) these pathways. Whether these effects are proba-
ble, possible, or speculative is indicated by solid, dashed, and
dotted lines, respectively, as shown in the key at the bottom.
With respect to plasma membrane and associated cytosolic
signals, TASK-1 is TWIK-related acid-sensitive channel-1;
VOCC, Ky, Clg,, SOCC, NSCC, and ROCC indicate voltage-
operated Ca”*, voltage-dependent K*, calcium-dependent
Cl, store-operated Ca2™, nonselective cation, and receptor-
operated Ca%* channels, respectively. A, agonist; DAG,
diacylglycerol; IP3, inositol 1,4,5-trisphosphate; NCX, Na-Ca
exchanger; PIP,, phosphatidylinositol 4,5-bisphosphate;
PKC, protein kinase C; PLC, phospholipase C; PMCA,
plasma membrane Ca>*-ATPase; R, receptor. With respect to
sarcoplasmic reticulum (SR) and associated cytosolic signals:
ADPR, cyclic ADP ribose; IP3R, IP3 receptor, RyR, ryanodine
receptor, SERCA, sarcoplasmic-endoplasmic reticulum AT-
Pase, STIM1, stromal interaction molecule 1. With respect to
lysosome-like organelles (LLO) and associated cytosolic sig-
nals: HCX, H-Ca exchanger; HA, H*-ATPase; Mito, mito-
chondria; NAADP, nicotinic acid adenine dinucleotide
phosphate (Sylvester et al., 2012).

Endothelium-dependent modulation of HPV

The pulmonary vascular endothelium generates a variety
of vasoactive mediators that act in a paracrine fashion on the
surrounding vascular smooth muscle cells. These include ni-
tric oxide and prostacyclin as vasodilators, and endothelin-1
acting both as a vasoconstrictor via binding to endothelin A
receptors and a vasodilator by binding to endothelin B re-
ceptors causing NO release (Aaronson et al., 2008). Isolated
human PA endothelial cells exposed to 3% oxygen produce
more hydrogen peroxide and thus may also be a source for
ROS that initiate HPV (Irwin et al., 2009). The endothelium
also produces carbon monoxide (CO) via heme-oxygenase-2
(Zhang et al., 2004), which is upregulated by hypoxia (Llanos
et al., 2012; Motterlini et al., 2000). CO dilates vessels by
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activating guanylate cyclase to generate cyclic GMP in a
manner similar to NO. Hydrogen sulfide (H,S), a strong re-
ducing agent, generated in hypoxia, is vasoconstricting in the
pulmonary circulation by several as yet not fully quantified
mechanisms (Madden et al., 2012). It should be noted that
many of these ‘gaso-transmitters” alter the concentrations of
each other, making it difficult to assess the contribution of
each to HPV modulation (Evans et al., 2011; Skovgaard et al.,
2011).

As mentioned above, pulmonary microvascular endothe-
lial cells respond to hypoxia with membrane depolarization.
Wang et al. (2012) have suggested that the capillary vascular
endothelial cells, owing to their intimate proximity to alveolar
gas, are the site where rapid and efficient oxygen sensing
occurs to initiate HPV. They propose that their membrane
depolarization is propagated in a retrograde fashion to the
upstream resistance vessels via inter-endothelial cell connex-
ion 40-dependent gap junctions. The evidence for this novel
concept is supported by lesser HPV, and greater V,/Q mis-
matching and hypoxemia when connexion 40 deficient mice
are exposed to hypoxia or regional ventilation reduction.

Erythrocyte-dependent modulation of HPV

Red cells may contribute to HPV and pulmonary pressures
in several ways. Although hypoxia-mediated decrease in de-
formability might reduce flow and increase measured vas-
cular resistance (Hakim et al., 1988; Palareti et al., 1984), direct
measurements of human and other mammalian red cells over
a range of Po, from 120 to 47 mmHg show no evidence of
significant deformability changes (Kaniewski et al., 1994).
With elevations in hematocrit with altitude, pulmonary vas-
cular pressures increase partly due to increased blood vis-
cosity and direct increases in lung vascular resistance, as
shown by hemodilution studies at high altitude in patients
with chronic mountain sickness (Manier et al., 1988) and in
animal studies (Kerbaul et al, 2004). Red cell-mediated
changes in pulmonary vascular resistance with hypoxia rep-
resent a balance between those effects that are vasodilating
and others that are vasoconstricting. Direct endothelial cell
NO scavenging by oxyhemoglobin (Deem et al., 1998) and
ROS generation by hypoxic red cells (Kiefmann et al., 2008)
will enhance HPV. In contrast, the oxylabile behavior of red
cells and hemoglobin that lead to vasodilating S-nitrosothiol
release (Gaston et al., 2006) and NO generation from nitrite
with hemoglobin desaturation (Crawford et al., 2006) will
blunt HPV. Additionally, deoxygenated red cells also release
ATP that activates endothelial cell NO production via pur-
inergic receptor binding (Sprague et al., 2003) and so act in a
vasodilating fashion. Finally, recent evidence that red cells
themselves express the endothelial isozyme of nitric oxide
synthase (eNOS) and are able generate NO that escapes in-
tracellular hemoglobin binding (Cortese-Krott et al., 2012)
needs to be considered. Thus, similar to the various and
sometimes competing interactions of endothelial cell vasoac-
tive mediators on HPV, the contribution of red cells is simi-
larly complicated and the net result on pulmonary vascular
resistance may vary depending on the degree and duration of
hypoxia.

Neurohumoral-dependent modulation of HPV

The lung vasculature is innervated by sympathetic norad-
renergic fibers from the large conduit arteries and veins down
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to 50 um vessels in larger species such as man and dogs, but
much less so in smaller species (Kummer, 2011). In addition to
the release of norepinephrine with sympathetic activation
causing vasoconstriction via alpha-1 adrenergic receptors on
vascular smooth muscle, other opposing vasodilating neuro-
transmitters such as neuropeptide Y and vasoactive intestinal
peptide can be released (Kummer, 2011). Additionally there is
opposing vasodilating parasympathetic innervation that is
NO dependent (McMahon et al, 1992). Arterial PO, is gauged
by the peripheral chemoreceptors, which then project affer-
ents to the medullary cardiovascular control areas in the brain
stem, in addition to the respiratory control center to activate
both parasympathetic and sympathetic outflow to the lung.
Denervation of the carotid bodies and loss of afferent input
from the peripheral chemoreceptors increases HPV (Levitzky
etal., 1978; Naeije et al., 1989). The efferent arc of this response
is not well defined but is conveyed by the vagus nerve because
vagotomy reduces HPV (Chapleau et al., 1988; Wilson et al.,
1989). Studies using atropine and propranolol suggest that
vasodilating parasympathetic activity is more dominant
than sympathetic activity in HPV inhibition (Marshall, 1994;
Wilson et al., 1989). Other data suggest a stronger sympa-
thetic contribution (Lejeune et al., 1989). However, not all
studies find evidence for neural modulation of HPV (Liu et al.,
2007; Lodato et al., 1988). The reason for this discrepancy is
not clear, but those studies finding no effect on HPV have
employed receptor blocking drugs rather than neural path-
way interruption. It is entirely possible that peripheral
chemoreceptor-mediated modulation of HPV may involve
other neurotransmitter release via the lung innervation be-
sides catecholaminergic or cholinergic agonists as described
above. In humans, the finding that a stronger hypoxic venti-
latory response (HVR), which is almost wholly a peripheral
chemoreceptor-mediated response, is associated with weaker
HPV supports the majority of the animal work (Albert and
Swenson, 2011). In the only other human study relevant to
this issue and using a common Spo, (as a surrogate for al-
veolar Po,) rather than a fixed F;0, to measure PA pressure in
hypoxia, Nespoulet et al. (2012) found that a lower mean HVR
in subjects with acute mountain sickness (AMS) was associ-
ated with a higher mean PASP with hypoxia in contrast to the
higher HVR and lower PASP in those without AMS.

Given that persons with exaggerated HPV are at greatest
risk for high altitude pulmonary edema (HAPE) (Bartsch et al,
2005), it would be interesting to determine which of the many
processes contributing to HPV are most important in this
subset of vulnerable people. In regard to neurohumoral me-
diation of HPV, HAPE susceptibility may stem from greater
generalized sympathetic nervous system activation to hyp-
oxia (Duplain et al., 1999; Koyama et al., 1988) and lesser
vascular endothelial nitric oxide production (Berger et al.,
2005), at least as has been shown to be true in systemic organs,
but not yet studied in the lung. Furthermore, owing to lesser
hypoxic peripheral chemoreceptor responsiveness and lower
ventilatory response to hypoxia (Hohenhaus et al., 1995;
Selland et al., 1993) HAPE-susceptible subjects will breathe
less at any given altitude or ambient P;0,. As a result, they will
have lower alveolar, bronchial arterial, and mixed venous
Po,, all of which set the Po, sensed by the pulmonary vas-
culature, although alveolar Po, is most dominant (Sylvester,
2012).

The pulmonary vasculature expresses adrenergic and
cholinergic receptors, as well as other receptors, such as for
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thyroxine, angiotensin II, adenosine, natriuretic peptides, and
estrogen, to name only a few. Thus it can respond to circu-
lating vasoactive mediators with dilation by epinephrine via
beta-2 receptors (Kummer, 2011), estrogens (Lahm et al.,
2012), and natriuretic peptides (Cargill et al., 1996), and con-
striction with angiotensin (Hubloue et al. 2004), adenosine
(Thomas and Marshall, 1993), and thyroxine (Herget et al.,
1987). The full neuro-humoral response of the lung vascular
response to hypoxia is often neglected in discussions of HPV,
and while admittedly difficult to study, better understanding
is much needed.

Other modulating influences on HPV

In addition to the many mechanisms involved in the control
of pulmonary vascular tone in the hypoxic environment, in-
dividual genetic background (Kriemler et al., 2008; Leon-
Velarde et al., 2008; Shirley et al., 2005; Stobdan et al., 2008), a
history of familial susceptibility to HAPE or pulmonary hy-
pertension (Griinig et al. 2010; Lorenzo et al., 2009; Scoggin
etal., 1977), and environmental factors such as cold, intensity
of exercise activity, and other stressors (Bartsch et al., 2005)
also contribute to the strength of HPV. Acid-base status and
carbon dioxide have a considerable influence on HPV, with
alkalosis and hypocapnia both diminishing HPV in animals
and humans (Balanos et al., 2003; Ketabchi et al., 2009), al-
though changes in carbon dioxide without the usual accom-
panying changes in systemic pH may have opposite effects
(Brimioulle et al., 1990). Thus subjects with stronger ventila-
tory responses to hypoxia will not only maintain higher al-
veolar Po, but also will have less HPV due to their greater
hypocapnic alkalemia at any given altitude or F,;0,. Increasing
lung volume by positive end-expiratory pressure reduces
HPV (LeJeune et al., 1991). Lastly, with low-grade infection or
inflammation circulating and locally produced inflammatory
products such as leukotrienes, thromboxane, and cytokines,
such as tumor necrosis factor, interleukin-6 (Johnson et al.,
1993; Petersen et al., 2011; Savale et al., 2009; Tsai et al., 2004),
or activation of their receptors in the vasculature (Petersen
et al., 2008) appear to modulate HPV (both negatively and
positively) in animal studies, although there is no work in
humans. Severe sepsis leads to order of magnitude increases
in NO production by up-regulation of the inducible NO
synthase isoform (De Cruz et al., 2009) with virtual suppres-
sion of HPV.

Hypoxia-regulated gene transcription factors and HPV

The study of HPV continues to identify new sensing, sig-
naling, and effector mechanisms and pathways. The most
recent are the hypoxia-inducible factors (HIFs). In two rat
strains with differing pulmonary hypoxic responses, HIF-1
activity and HIF-mediated protein expression were higher in
the strain with greater pulmonary hypertension (Engebretsen
et al., 2007). In contrast, mice with heterozygous HIF 1-alpha
deficiency have weaker acute and chronic hypoxic responses
in isolated pulmonary vascular smooth myocytes and pul-
monary vessels than wild-type mice (Shimoda et al., 2001; Yu
etal., 1999). Interestingly, carotid body sensitivity to hypoxia
in these same HIF 1-alpha deficient heterozygote mice is de-
pressed (Kline et al., 2002), although this does not appear to
diminish the hypoxic ventilatory response. Further support-
ing pharmacological evidence for HIF-lalpha mediation of
HPV was demonstrated in mice by reduction in hypoxic
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pulmonary hypertension (Abud et al., 2012) and increased
ventilation in humans during hypoxic exercise (Janssen et al.,
2010) with digoxin, a known inhibitor of HIF-lalpha tran-
scriptional activity (Zhang et al., 2008). At present it is not
fully clear how HIF-dependent gene transcription affects
HPYV, but it likely involves upregulation of transient receptor
potential channels (TRPC) on the vascular smooth muscle cell
membrane (Wang et al., 2006) and alterations in pulmonary
vascular smooth muscle calcium signaling (Abud et al., 2012).
Iron is emerging as a critical element in HPV and pulmonary
vascular changes with hypoxia. Iron supplementation and
iron chelation reduce and increase HPV respectively (Smith
et al., 2008; Smith et al., 2009), possibly via altered HIF me-
tabolism (Knowles et al., 2003) involving prolyl hydroxylases,
the O, sensitive enzymes that degrade HIF and require iron.
HIF-mediated gene transcription also drives much of the
longer term remodeling of the vasculature, as described by
Welsh and Peacock in this issue.

Relevance of Hypoxic Pulmonary Vasoconstriction

At low altitudes where humans evolved, it would appear
that the sensitivity to oxygen of the lung vasculature evolved
along with hypercapnic pulmonary vasoconstriction (HCPV)
as mechanisms (Dorrington et al., 2010) to shift blood flow
from poorly or nonventilated lung regions with localized
airway or airspace pathology in post-fetal life to better ven-
tilated and healthy areas as elegantly advanced by von Euler
and Liljestrand (1946) in their landmark paper. Based on
whole lung pulmonary vascular responses to changes in al-
veolar Po, and Pco,, Dorrington et al. (2010) modeled that
improvements in V,/Q matching and gas exchange by HPV
are most important in the lower range of V,/Q (0.01 to 1.0)
and that HCPV has its greatest impact in the V/Q ratio of 1
to 100). The ability of both HPV and HCPV to divert blood
flow and minimally raise pulmonary artery pressure are more
effective the smaller the area of V5 /Q mismatching (Marshall
et al., 1981). From an evolutionary perspective, HPV may
have conferred a survival (and ultimately a reproductive)
advantage for individuals with severe pneumonia or thoracic
trauma with acute pneumothorax by limiting severe life
threatening shunt- induced hypoxemia. This may still be the
case even in the modern clinical era of effective antibiotics and
surgery before patients can be treated (Naeije and Brimouille,
2001).

Alternatively, others have argued it may be simply a ves-
tige of fetal existence. In this regard, HPV maintains a high
vascular resistance to limit blood flow in the nonventilated
lung (in combination with a patent ductus arteriosis and fo-
ramen ovale) so as to allow a 80%-90% right to left shunt to
provide more blood flow to the placenta and better oxygen-
ated blood to the developing brain (Gao and Raj, 2010).
However, many other aspects of the fetal lung also contribute
to higher PVR including its liquid-filled nonventilated low
volume state, lack of surfactant, relative hypercapnia and
acidosis, a limited slower growing vascular bed relative to the
faster growing airway and parenchymal structure, lesser en-
dothelial vasodilator generation, greater endothelial vaso-
constrictor production, and lack of bronchial epithelial NO
generation (Gao and Raj, 2010; Morin et al. 1992). In fact, HPV
in the fetal lung does not appear until the middle of the third
trimester of gestation to reduce PVR and prepare the pul-
monary circulation to accommodating the entire cardiac
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output at birth as the ductus arteriosis closes and the lungs are
ventilated and assume gas exchange duties from the placenta
(Morin et al, 1992). In this sense, HPV should perhaps more
correctly be renamed ‘oxygen-dependent vasodilation’. If
strong HPV is an evolutionary advantage in utero, then one
might predict a fetal survival disadvantage in Tibetans, who
have as adults much lower HPV than other populations
(Groves et al., 1993). Yet, birth rates and neonatal survival in
this population exceed those of newcomers to high altitude
(Moore et al., 1998).

The physiologic advantage of HPV, if any, in healthy hu-
mans at high altitude appears nil. It has been postulated that
moderately elevated pulmonary artery pressure optimizes
systemic oxygen delivery by increasing blood flow into areas
of lung with relatively lower blood flow, thus recruiting a
greater fraction of the total alveolar capillary surface area for
gas exchange (Wagner et al., 1979). Additionally this might be
enhanced by hypoxic pulmonary venoconstriction as well
(Taylor et al., 2011). HPV and the associated cardiac output
increase at rest and with exercise does improve diffusing ca-
pacity by recruitment of alveolar capillary surface area for gas
exchange and thus may improve arterial oxygenation (Stei-
nacker et al., 1998). In the normal dog lung, hypoxia (equiv-
alent to F;0, between 0.10 and 0.15) improves V 4 /Q matching
in the dog (Swenson et al., 1994; Sylvester et al., 1981), but in
humans this is not case (Gale et al., 1985; Melot et al., 1987).
Because the magnitude of HPV is so variable and those hu-
man populations and species most highly adapted to high
altitude, such as natives of the Tibetan plateau and high alti-
tude animals, have the least pulmonary hypertension (Faraci
et al., 1984; Groves et al., 1993; Harris et al., 1982), the argu-
ment for a benefit of HPV is not very compelling. Further-
more, the clear risk of developing high altitude pulmonary
edema (HAPE) with strong and greater unevenness in re-
gional HPV suggests no advantage at high altitude (Bértsch
etal, 2005; Urano et al., 2005). Lastly, some have proposed that
HPV, especially if strong, may contribute to exercise limita-
tion at high altitude by imposing too high a burden on right
ventricular output based upon studies showing greater ex-
ercise capacity in subjects using selective pulmonary vasodi-
lators that inhibit HPV (Naeije, 2011). Owing to the fact that
these drugs in many cases also improve arterial oxygenation
and this alone can increase exercise performance (Anholm
and Foster, 2011), the issue remains controversial.

Hypoxic pulmonary vasoconstriction can be increased or
decreased for prophylactic and treatment purposes by a va-
riety of pharmacological agents that act on many of the en-
dothelial cell derived modulators of pulmonary vascular
resistance, signal transduction pathways, and gene tran-
scription discussed in detail elsewhere in this issue. Drugs
which blunt or abolish HPV at high altitude are quite useful to
prevent and treat high altitude pulmonary edema and high
altitude pulmonary hypertension. These same drugs that in-
hibit HPV at low altitude, on the other hand, may impair gas
exchange in a variety of settings of acute cardiac and lung
injury and in chronic lung disease where their use is directed
toward lowering systemic and/or pulmonary artery pressure
or in increasing exercise capacity (Blanco et al., 2010; Cutaia
and Rounds, 1990; Preston, 2007). Under some situations,
medications that enhance HPV can be utilized to improve gas
exchange particularly during cardiothoracic surgery (Na-
gendran et al., 2006). The search for more potent and selective
vasodilators for the treatment of nonhypoxic forms of pul-
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monary hypertension grows apace, and it is likely that most
will have the ability to inhibit HPV both for clinical purposes
and as an unwanted side effect depending upon the clinical
circumstances.

Author Disclosure Statement

No competing financial interests exist.

References

Aaronson PI, Robertson TP, and Ward JP. (2002). Endothelium-
derived mediators and hypoxic pulmonary vasoconstriction.
Respir Physiol Neurobiol 132:107-120.

Abud EM, Maylor ], Undem C, et al. (2012). Digoxin inhibits
development of hypoxic pulmonary hypertension in mice.
Proc Natl Acad Sci 109:1239-1244.

Albert TJ, and Swenson ER. (2011). Peripheral chemoreceptor
responsiveness and hypoxic pulmonary vasoconstriction in
humans. Am J Respir Crit Care Med 183:A5033.

Anholm JD, and Foster GP. (2011). Con: Hypoxic pulmonary
vasoconstriction is not a limiting factor of exercise at high
altitude. High Alt Med Biol 12, 313-317.

Asadi AK, Cronin MV, Sa RC, et al. (2013). Spatial-temporal
dynamics of pulmonary blood flow in the healthy human lung
in response to altered FIO2. ] Appl Physiol 114:107-118.

Audi SH, Dawson CA, Rickaby DA, and Linehan JH. (1991).
Localization of the sites of pulmonary vasomotion by use of
arterial and venous occlusion. ] Appl Physiol 70:2126-2136.

Bailey DM, Dehnert C, Luks AM, et al. (2010). High-altitude
pulmonary hypertension is associated with a free radical-
mediated reduction in pulmonary nitric oxide bioavailability.
J Physiol 588:4837-4847.

Balanos GM, Talbot NP, Dorrington KL, and Robbins PA. (2003).
Human pulmonary vascular response to 4h of hypercapnia
and hypocapnia measured using Doppler echocardiography.
J Appl Physiol 94:1543-1551.

Béartsch P, Mairbaurl H, Maggiorini M, and Swenson ER. (2005).
Physiological aspects of high-altitude pulmonary edema.
J Appl Physiol 98:1101-1110.

Berger MM, Hesse C, Dehnert C, et al. (2005). Hypoxia impairs
systemic endothelial function in individuals prone to high-
altitude pulmonary edema. Am ] Respir Crit Care Med
172:763-767.

Blanco I, Gimeno E, Munoz PA, et al. (2010). Hemodynamic and
gas exchange effects of sildenafil in patients with chronic ob-
structive pulmonary disease and pulmonary hypertension.
Am ] Respir Crit Care Med 181:270-278.

Bradford ], and Dean H. (1894). The pulmonary circulation.
J Physiol 16:34-96.

Cargill RI, and Lipworth BJ. (1995). Acute effects of ANP and
BNP on hypoxic pulmonary vasoconstriction in humans. Br J
Clin Pharmacol 40:585-590.

Chapleau MW, Wilson LB, Gregory TJ, et al. (1988). Chemor-
eceptor stimulation interferes with regional hypoxic pulmo-
nary vasoconstriction. Respir Physiol 71:185-200.

Conhaim RL, Burt Olson E Jr, Vidruk EH, et al. (2008). Acute
hypoxia does not alter inter-alveolar perfusion distribution in
unanesthetized rats. Respir Physiol Neurobiol 160:277-283.

Cortese-Krott MM, Rodriguez-Mateos A, et al. (2012). Human
red blood cells at work: Identification and visualization of
erythrocytic eNOS activity in health and disease. Blood
120:4229-4237.

Crawford JH, Isbell TS, Huang Z, et al. (2006). Hypoxia, red
blood cells, and nitrite regulate NO-dependent hypoxic va-
sodilation. Blood 107:566-574.



108

Cutaia M, and Rounds S. 1990. Hypoxic pulmonary vasocon-
striction. Physiologic significance, mechanism, and clinical
relevance. Chest 97:706-718.

Dawson A. (1969). Regional pulmonary blood flow in sitting and
supine man during and after acute hypoxia. ] Clin Invest
48:301-310.

De Cruz SJ, Kenyon NJ, and Sandrock CE. (2009). Bench-to-
bedside review: The role of nitric oxide in sepsis. Expert Rev
Respir Med 3:511-521.

Deem S, Hedges RG, Kerr ME, and Swenson ER. (2000). Acet-
azolamide reduces hypoxic pulmonary vasoconstriction in
isolated perfused rabbit lungs. Respir Physiol 123:109-119.

Deem S, Swenson ER, Alberts MK, et al. (1998). Red-blood-cell
augmentation of hypoxic pulmonary vasoconstriction: He-
matocrit dependence and the importance of nitric oxide. Am J
Respir Crit Care Med 157:1181-1186.

Dehnert C, Risse F, Ley S, et al. (2006). Magnetic resonance
imaging of uneven pulmonary perfusion in hypoxia in hu-
mans. Am ] Respir Crit Care Med 174:1132-1138.

Dorrington KL, Clar C, Young JD, et al. 1997. Time course of the
human pulmonary vascular response to 8 hours of isocapnic
hypoxia. Am ] Physiol 273;H1126-1134.

Dorrington KL, Balanos GM, Talbot NP, and Robbins PA. (2010).
Extent to which pulmonary vascular responses to PCO2 and
PO2 play a functional role within the healthy human lung.
J Appl Physiol 108:1084-1096.

Dubowitz G, and Peacock AJ. (2007). Pulmonary artery pressure
in healthy subjects at 4250 m measured by Doppler echocar-
diography. Wilderness Env Med 18:305-311.

Duplain H, Vollenweider L, Delabays A, et al. (1999). Aug-
mented sympathetic activation during short-term hypoxia and
high-altitude exposure in subjects susceptible to high-altitude
pulmonary edema. Circulation 99:1713-1718.

Durmowicz AG, Hofmeister S, Kadyraliev TK, et al. (1993). In-
heritance of pulmonary arterial pressure in Angus cattle and
its correlation with growth. ] Appl Physiol 74:2276-2285.

Engebretsen BA, Irwin D, Valdez ME, et al. (2007). Acute hy-
pobaric hypoxia (5486 m) induces greater pulmonary HIF-1
activation in Hilltop compared to Madison rats. High Alt Med
Biol 8:812-821.

Evans AM, Hardie DG, Peers C, and Mahmoud A. (2011). Hy-
poxic pulmonary vasoconstriction: Mechanisms of oxygen-
sensing. Curr Opin Anaesthesiol 24:13-20.

Farraci FM, Kilgore DL, and Fedde MR. (1984). Attenuated
pulmonary pressor response to hypoxia in bar-headed geese.
Am ] Physiol 247:R402-R403.

Gale GE, Torre-Bueno JR, Moon RE, et al. (1985). Ventilation-
perfusion inequality in normal humans during exercise at sea
level and simulated altitude. ] Appl Physiol 58:978-988.

Gao Y, and Raj JU. (2010). Regulation of the pulmonary circu-
lation in the fetus and newborn. Physiol Rev 90:1291-1335.
Gaston B, Singel D, Doctor A, and Stamler JS. (2006). S-nitrosothiol
signaling in respiratory biology. Am ] Respir Crit Care Med

173:1186-1193.

Grover RF. Fascination of the hypoxic lung. (1985). Anesthe-
siology 63:580-582.

Groves BM, Reeves JT, Sutton JR, et al. (1987). Operation Everest
II: Elevated high-altitude pulmonary resistance unresponsive
to oxygen. ] Appl Physiol 63:521-530.

Groves BM, Droma T, Sutton JR, et al. (1993). Minimal hypoxic
pulmonary hypertension in normal Tibetans at 3,658 m. ] Appl
Physiol 74:312-318.

Griinig E, Weissmann S, Ehlken N, et al. (2009). Stress Doppler
echocardiography in relatives of patients with idiopathic and
familial pulmonary arterial hypertension: Results of a multi-

SWENSON

center European analysis of pulmonary artery pressure re-
sponse to exercise and hypoxia. Circulation 119:1747-1757.

Griinig E, Mereles D, Hildebrandt W, Swenson ER, et al. (2000).
Stress Doppler echocardiography for identification of suscep-
tibility to high altitude pulmonary edema. ] Am Coll Cardiol
35:980-987.

Hakim TS, Michel RP, and Chang HK. (1983). Site of pulmonary
hypoxic vasoconstriction studied with arterial and venous
occlusion. ] Appl Physiol 54:1298-1302.

Hakim TS, and Macek AS. (1988). Role of erythrocyte deform-
ability in the acute hypoxic pressor response in the pulmonary
vasculature. Respir Physiol 72:95-107.

Harris P, Heath D, Smith P, et al. (1982). Pulmonary circulation
of the llama at high and low altitudes. Thorax 37:38—45.

Herget J, Frydrychova M, Kawikova I, and McMurtry IF. (1987).
Thyroxine treatment increases the hypoxic pulmonary vaso-
constriction in isolated lungs from thyroidectomized rats. Bull
Eur Physiopathol Respir 23:217-221.

Hohenhaus E, Paul A, McCullough RE, et al. (1995). Ventilatory
and pulmonary vascular response to hypoxia and susceptibility
to high altitude pulmonary oedema. Eur Respir J 8:1825-1833.

Hopkins SR, Garg J, Bolar DS, et al. (2005). Pulmonary blood
flow heterogeneity during hypoxia and high-altitude pulmo-
nary edema. Am ] Respir Crit Care Med 17:83-87.

Hoit BD, Dalton ND, Erzurum SC, et al. (2005). Nitric oxide
and cardiopulmonary hemodynamics in Tibetan highlanders.
J Appl Physiol 99:1796-1801.

Hubloue I, Rondelet B, Kerbaul F, et al. (2004). Endogenous
angiotensin II in the regulation of hypoxic pulmonary vaso-
constriction in anaesthetized dogs. Crit Care 8:R163-R171.

Hyman AL, Higashida RT, Spannhake EW, and Kadowitz PJ.
(1981). Pulmonary vasoconstrictor responses to graded de-
creases in precapillary blood PO, in intact-chest cat. ] Appl
Physiol 51:1009-1016.

Irwin DC, McCord JM, Nozik-Grayck E, et al. (2009). A potential
role for reactive oxygen species and the HIF-lalpha-VEGF
pathway in hypoxia-induced pulmonary vascular leak. Free
Radic Biol Med 47:55-61.

Janssen C, Lheureux O, Beloka S, et al. (2010). Digoxin increases
peripheral chemosensitivity and the ventilatory response to
exercise in normal subjects. Clin Exp Pharmacol Physiol
37:303-308.

Johansen B, Melsom MN, Flatebe T, and Nicolaysen G. (1998). Time
course and pattern of pulmonary flow distribution following
unilateral airway occlusion in sheep. Clin Sci 94:453—460.

Johnson D, Hurst T, Wilson T, et al. (1993). NG-monomethyl-L-
arginine does not restore loss of hypoxic pulmonary vaso-
constriction induced by TNF-alpha. ] Appl Physiol 75:618-625.

Kaniewski WS, Hakim TS, and Freedman JC. (1994). Cellular
deformability of normoxic and hypoxic mammalian red blood
cells. Biorheology 31:91-101.

Kerbaul F, Van der Linden P, Pierre S, et al. (2004). Prevention of
hemodilution-induced inhibition of hypoxic pulmonary va-
soconstriction by N-acetylcysteine in dogs. Anesth Analg
99:547-551.

Ketabchi F, Egemnazarov B, Schermuly RT, et al. (2009). Effects
of hypercapnia with and without acidosis on hypoxic pul-
monary vasoconstriction. Am J Physiol 297:1.977-1.983.

Kiefmann R, Rifkind JM, Nagababu E, and Bhattacharya ]J.
(2008). Red blood cells induce hypoxic lung inflammation.
Blood 111:5205-5214.

Kline DD, Peng Y], Manalo D], et al. (2002). Defective carotid
body function and impaired ventilatory responses to chronic
hypoxia in mice partially deficient for hypoxia-inducible fac-
tor 1 alpha. Proc Natl Acad Sci USA 99,:821-826.



HYPOXIC PULMONARY VASOCONSTRICTION

Knowles HJ, Raval RR, Harris AL, et al. (2003). Effect of ascor-
bate on the activity of hypoxia-inducible factor in cancer cells.
Cancer Res 63:1764-1769.

Koyama S, Kobayashi T, Kubo K, et al. (1998). The increased
sympathoadrenal activity in patients with high altitude pul-
monary edema is centrally mediated. Jpn ] Med 27:10-16.

Kriemler S, Jansen C, and Linka A. (2008). Higher pulmonary
artery pressure in children than in adults upon fast ascent to
high altitude. Eur Respir J 32:189-197.

Kronenberg RS, Safar P, Lee J, et al. (1971). Pulmonary artery
pressure and alveolar gas exchange in man during acclimati-
zation to 12,470 feet. ] Clin Invest 50:827-837.

Kummer W. (2011). Pulmonary vascular innervation and its role
in responses to hypoxia: Size matters! Proc Am Thorac Soc.
8:471-476.

Lahm T, Albrecht M, Fisher A]J, et al. (2012). 17-Estradiol atten-
uates hypoxic pulmonary hypertension via estrogen receptor-
mediated effects. Am ] Respir Crit Care Med 185:965-980.

Lejeune P, Vachiery JL, Leeman M, et al. (1989). Absence of
parasympathetic control of pulmonary vascular pressure-flow
plots in hyperoxic and hypoxic dogs. Respir Physiol 78:123-133.

Lejeune P, Vachiery JL, De Smet JM, et al. (1991). PEEP inhibits
hypoxic pulmonary vasoconstriction in dogs. ] Appl Physiol
70:1867-1873.

Ledn-Velarde F, and Mejia O. (2008). Gene expression in chronic
high altitude diseases. High Alt Med Biol 9:130-139.

Levine BD, Zuckerman J, and de Phillipi CR. (1997). The effect of
high altitude exposure in the elderly. The Tenth Mountain
Division study. Circulation 96:1224-1229.

Levitzky MG, Newell JC, and Dutton RE. (1978). Effect of che-
moreceptor denervation on the pulmonary vascular response
to atelectasis. Respir Physiol 3543-3551.

Llanos AJ, Riquelme RA, Herrera EA, et al. (2007). Evolving in
thin air—Lessons from the llama fetus in the Altiplano. Respir
Physiol Neurobiol 158:298-306.

Llanos AJ, Ebensperger G, Herrera EA, et al. (2012). The heme
oxygenase—carbon monoxide system in the regulation of car-
diorespiratory function at high altitude. Respir Physiol Neu-
robiol 184:186-191.

Lodato RF, Michael JR, and Murray PA. (1988). Absence of
neural modulation of hypoxic pulmonary vasoconstriction in
conscious dogs. ] Appl Physiol 65:1481-1487.

Lorenzo VF, Yang Y, Simonson TS, et al. (2009). Genetic adap-
tation to extreme hypoxia: Study of high-altitude pulmonary
edema in a three-generation Han Chinese family. Blood Cells
Mol Dis 43:221-225.

Madden JA, Ahlf SB, Dantuma MW, et al. (2012). Precursors and
inhibitors of hydrogen sulfide synthesis affect acute hypoxic
pulmonary vasoconstriction in the intact lung. ] Appl Physiol
112:411-418.

Maggiorini M, Melot C, Pierre S, et al. (2001). High altitude
pulmonary edema is initially caused by an increase in capil-
lary pressure. Circulation 103:2078-2083.

Manier G, Guenard H, Castaing Y, et al. (1988). Pulmonary gas
exchange in Andean natives with excessive polycythemia—
Effect of hemodilution. ] Appl Physiol 65:2107-2017.

Marshall BE, Marshall C, Magno M, et al. (1991). Influence of
bronchial arterial PO, on pulmonary vascular resistance.
J Appl Physiol 70:405-415.

Marshall BE, and Marshall C. (1988). A model for hypoxic con-
traction of the pulmonary circulation. ] Appl Physiol 64:68-77.

Marshall BE, Marshall C, Benumof J, and Saidman LJ. (1981).
Hypoxic pulmonary vasoconstriction in dogs: Effects of lung
segment size and oxygen tension. ] Appl Physiol 51:1543—
1551.

109

Marshall JM. (1994). Peripheral chemoreceptors and cardiovas-
cular regulation. Physiol Rev 74:543-594.

McMahon TJ, Hood ]S, and Kadowitz PJ. (1992). Pulmonary
vasodilator response to vagal stimulation is blocked by N
omega-nitro-L-arginine methyl ester in the cat. Circ Res
70:364-369.

Mélot C, Naeije R, Hallemans R, et al. (1987). Hypoxic pulmo-
nary vasoconstriction and gas exchange in normal man. Re-
spir Physiol 68:11-27.

Moore LG, Niermeyer S, and Zamudio S. (1998). Human ad-
aptation to high altitude: Regional and life-cycle perspectives.
Am ] Phys Anthropol Suppl 27:25-64.

Morin FC, and Egan EA. (1992). Pulmonary hemodynamics in
fetal lambs during development at normal and increased ox-
ygen tension. ] Appl Physiol 73:213-218.

Motley HL, Cournand A, Werko L, et al. (1947). The influence of
short periods of induced acute anoxia upon pulmonary artery
pressures in man. Am J Physiol 150:315-320.

Motterlini R, Foresti R, Bassi R, et al. (2000). Endothelial heme
oxygenase-1 induction by hypoxia. Modulation by inducible
nitric-oxide synthase and S-nitrosothiols. ] Biol Chem
275:13613-13620.

Morrell NW, Nijran KS, Biggs T, and Seed WA. (1995). Magni-
tude and time course of acute hypoxic pulmonary vasocon-
striction in man. Respir Physiol 100:271-281.

Naeije R. (2011). Pro: Hypoxic pulmonary vasoconstriction is a
limiting factor of exercise at high altitude. High Alt Med Biol
12:309-312.

Naeije R, Lejeune P, Leeman M, et al. (1989). Pulmonary vas-
cular responses to surgical chemodenervation and chemical
sympathectomy in dogs. ] Appl Physiol 66:42-50.

Naeije R, and Brimioulle S. (2001). Physiology in medicine: Im-
portance of hypoxic pulmonary vasoconstriction in main-
taining arterial oxygenation during acute respiratory failure.
Crit Care 5:67-71.

Nagendran J, Stewart K, Hoskinson M, and Archer SL. (2006).
An anesthesiologist’s guide to hypoxic pulmonary vasocon-
striction: Implications for managing single-lung anesthesia
and atelectasis. Curr Opin Anaesthesiol 19:34-43.

Nespoulet H, Wuyam B, Tamisier R, et al. (2012). Altitude illness
is related to low hypoxic chemoresponse and low oxygenation
during sleep. Eur Respir ] 40:673-680.

Palareti G, Coccheri S, Poggi M, et al. (1984). Changes in the
rheologic properties of blood after a high altitude expedition.
Angiology 35:451-458.

Pease RD, Benumof JL,, and Trousdale FR. (1982). P50, and Py0,
interaction on hypoxic pulmonary vasoconstriction. ] Appl
Physiol 53:134-139.

Petersen B, Bloch KD, Ichinose F, et al. (2008). Activation of Toll-
like receptor 2 impairs hypoxic pulmonary vasoconstriction in
mice. Am ] Physiol 294:1.300-L308.

Petersen B, Austen KF, Bloch KD, et al. (2011). Cysteinyl leu-
kotrienes impair hypoxic pulmonary vasoconstriction in en-
dotoxemic mice. Anesthesiology 115:804-811.

Preston IR. (2007). Clinical perspective of hypoxia-mediated
pulmonary hypertension. Antioxid Redox Signal 9:711-721.
Reeves JT, Wagner WW, McMurtry IF, and Grover RF. (1979).
Physiological effects of high altitude on the pulmonary cir-

culation. Int Rev Physiol 20:289-310.

Rotta A, Cinepa A, Hurtado T, et al. (1956). Pulmonary circu-
lation at sea level and at high altitudes. ] Appl Physiol 9:328-
335.

Savale L, Tu L, Rideau D, et al. (2009). Impact of interleukin-6 on
hypoxia-induced pulmonary hypertension and lung inflam-
mation in mice. Respir Res 10:6-12.



110

Schumacker PT. (2011). Lung cell hypoxia: Role of mitochondrial
reactive oxygen species signaling in triggering responses. Proc
Am Thorac Soc 8:477-484.

Scoggin CH, Hyers TM, Reeves JT, and Grover RF. (1977). High-
altitude pulmonary edema in the children and young adults of
Leadville, Colorado. N Engl ] Med 297:1269-1272.

Selland MA, Stelzner TJ, Stevens T, et al. (1993). Pulmonary
function and hypoxic ventilatory response in subjects sus-
ceptible to high-altitude pulmonary edema. Chest 103:
111-116.

Shimoda LA, Manalo DJ, Sham ]S, et al. (2001). Partial HIF-
lalpha deficiency impairs pulmonary arterial myocyte elec-
trophysiological responses to hypoxia. Am ] Physiol 281:
1202-L208.

Shirley KL, Beckman DW, and Garrick DJ. (2007). Functional
and structural adaptation of the yak pulmonary circulation to
residence at high altitude. ] Anim Sci 86:815-819.

Skovgaard N, Gouliaev A, Aalling M, and Simonsen U. (2011).
The role of endogenous H2S in cardiovascular physiology.
Curr Pharm Biotechnol 12:1385-1393.

Smith TG, Balanos GM, Croft OP, et al. (2008). Increase in pul-
monary arterial pressure caused by hypoxia depends on iron
status. ] Physiol 586:5999-6005.

Smith TG, Talbot NP, Privat C, et al. (2009). Effects of iron
supplementation and depletion on hypoxic pulmonary vaso-
constriction. ] Am Med Assoc 302:1444-1450.

Smith TG, Talbot NP, Chang RW, et al. (2012). Pulmonary artery
pressure increases during commercial air travel in healthy
passengers. Aviat Space Environ Med 83:673-676.

Sommer N, Dietrich A, Schermuly RT, et al. (2008). Regulation of
hypoxic pulmonary vasoconstriction: Basic mechanisms. Eur
Respir | 32:1639-1651.

Sprague RS, Olearczyk JJ, Spence DM, et al. (2003). Extracellular
ATP signaling in the rabbit lung: Erythrocytes as determinants
of vascular resistance. Am J Physiol 285:H693-H700.

Steinacker JM, Tobias P, and Menold E. (1998). Lung diffusing
capacity and exercise in subjects with previous high altitude
pulmonary oedema. Eur Respir ] 11:643-650.

Stobdan T, Karar J, and Pasha MA. (2008). High altitude adap-
tation: Genetic perspectives. High Alt Med Biol 9:140-147.
Swenson ER, Robertson HT, and Hlastala MP. (1994). Effects of
inspired carbon dioxide on ventilation-perfusion matching in
normoxia, hypoxia, and hyperoxia. Am ] Respir Crit Care

Med. 149:1563-1569.

Sylvester JT, Cymerman A, Gurtner G, et al. (1981). Components
of alveolar-arterial O2 gradient during rest and exercise at sea
level and high altitude. ] Appl Physiol 50:1129-1139.

Sylvester JT, Shimoda LA, Aaronson PI, and Ward JPT. (2012).
Hypoxic pulmonary vasoconstriction. Physiol Rev 92:367-520.

Sun XF. (1993). Determination of pulmonary arterial pressure
and pulmonary vasoconstrictive responses to hypoxia in
healthy Tibetan men. Zhong Xin Xue Guan Bing Za Zhi
21:212-215.

Talbot NP, Balanos GM, Dorrington KL, and Robbins PA. (2005).
Two temporal components within the human pulmonary
vascular response to approximately 2h of isocapnic hypoxia.
J Appl Physiol 98:1125-1139.

Taylor BJ, Kjaergaard J, Snyder EM, et al. (2011). Pulmonary
capillary recruitment in response to hypoxia in healthy hu-
mans: A possible role for hypoxic pulmonary venoconstric-
tion? Respir Physiol Neurobiol 177:98-107.

Teppema L], Balanos GM, Steinbeck CD, et al. (2007). Effects of
acetazolamide on ventilatory, cerebrovascular, and pulmo-
nary vascular responses to hypoxia. Am ] Respir Crit Care
Med 175:277-281.

SWENSON

Thomas T, and Marshall JM. (1993). The role of adenosine in
hypoxic pulmonary vasoconstriction in the anaesthetized rat.
Exp Physiol 78:541-543.

Tsai BM, Wang M, Pitcher JM, et al. (2004). Hypoxic pulmonary
vasoconstriction and pulmonary artery tissue cytokine ex-
pression are mediated by protein kinase C. Am ] Physiol
287:11215-L1219.

Tucker A, McMurtry IF, Reeves JT, et al. (1975). Lung vascular
smooth muscle as a determinant of pulmonary hypertension
at high altitude. Am ] Physiol 228:762-767.

Urano T, Kuwabhira I, Iwamoto T, et al. (2005). Exposure to
hypoxia results in uneven pulmonary blood flow distribution
prior to pulmonary edema. Tokai ] Exp Clin Med 30:193-202.

Vejlstrup NG, O’'Neill M, Nagyova B, and Dorrington KL.
(1997). Time course of hypoxic pulmonary vasoconstriction: A
rabbit model of regional hypoxia. Am J Respir Crit Care Med
155:216-221.

Voelkel NF, Mizuno S, and Bogaard HJ. (2013). The role of
hypoxia in pulmonary vascular diseases: A perspective. Am ]
Physiol 304:1.457-465.

von Euler US, and Liljestrand G. (1946). Observations on the
pulmonary arterial blood pressure in the cat. Acta Physiol
Scand 12:301-320.

Wagner WW Jr, Latham LP, and Capen RL. (1979). Capillary
recruitment during airway hypoxia: Role of pulmonary artery
pressure. ] Appl Physiol 47:383-387.

Wang J, Weigand L, Lu W, et al., (2006). Hypoxia inducible
factor 1 mediates hypoxia-induced TRPC expression and ele-
vated intracellular Ca2+ in pulmonary arterial smooth muscle
cells. Circ Res 98:1528-1537.

Wang L, Yin J, Nickles HT, et al. (2012). Hypoxic pulmonary
vasoconstriction requires connexin 40-mediated endothelial
signal conduction. J Clin Invest 122:4218-4230.

Watson KE, Dovi WF, and Conhaim RL. (2012). Evidence for
active control of perfusion within lung microvessels. ] Appl
Physiol 112:48-53.

Weigand L, Shimoda LA, and Sylvester JT. (2011). Enhancement
of myofilament calcium sensitivity by acute hypoxia in rat
distal pulmonary arteries. Am J Physiol 301:L380-L387.

Weir EK, Lépez-Barneo ], Buckler KJ, and Archer SL. (2005).
Acute oxygen-sensing mechanisms. N Engl ] Med 353:2042-
2055.

Wilson LB, and Levitzky MG. (1989). Chemoreflex blunting of
hypoxic pulmonary vasoconstriction is vagally mediated.
J Appl Physiol 66:782-791.

Yu AY, Shimoda LA, Iyer NV, et al. (1999). Impaired physio-
logical responses to chronic hypoxia in mice partially deficient
for hypoxia-inducible factor lalpha. J Clin Invest 103:691-696.

Zhang H, Qian DZ, Tan YS, et al. (2008). Digoxin and other
cardiac glycosides inhibit HIF-1a synthesis and block tumor
growth. Proc Natl Acad Sci USA 105:19579-19586.

Zhang F, Kaide JI, Yang L, et al. (2004). CO modulates pulmo-
nary vascular response to acute hypoxia: Relation to en-
dothelin. Am ] Physiol 286:H137-H144.

Address correspondence to:

Erik R. Swenson, MD

Departments of Medicine and of Physiology and Biophysics
University of Washington

VA Puget Sound Health Care System

1660 South Columbian Way

Seattle, WA 98108

E-mail: eswenson@u.washington.edu



