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DEDICATION

The International Hypoxia Symposium dedicates the Ninth Biennial Meeting to
Carlos Monge C. for his life long contributions to our understanding of humans and
animals at high altitude. His studies of high altitude dwellers of the Andean Altiplano
have given new insights into adaptation and maladaptation to high altitude. His work
has embraced most aspects of physiology, especially renal, hematologic and cardio-
vascular; using techniques extending from molecular biology to epidemiology. In
studying high altitude polycythemia he has unravelled the confounding effects of age
and altitude in the predisposition to and pathophysiology of Chronic Mountain Sick-
ness—a condition described by his father and which bears the family name. In recent
work he has examined the mechanisms of adaptation of avian hemoglobin to altitude
and has continually questioned the genetic and environmental interplay in determin-
ing the response of high altitude natives to hypoxia.
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Carlos Monge Cassinelli - A
Personal View of the Setting and
Significance of his Work

P.W. Hochachka
Dept. of Zoology and Sports Medicine Division,
University of British Columbia,Vancouver, B.C. V6T 174

Born Into A Natural Laboratory

Most of us realize that Peru is the site for the bulk of Carlos Monge’s career. This
is a land like none other on earth. It straddles the equator with waves of the Pacific
washing its western shores, with high mountain valleys spawning the headwaters of
the Amazon, and with the planet’s largest tropical rainforest starting on its eastern
borders and extending on to the Atlantic, to the mouth of the Amazon. A unique
location defines a unique geography that includes coastal deserts, high mountain val-
leys, high mountain plains, and finally a sharp transition to classical tropical rainforest.
Perhaps most striking of all environmental characteristics of this land is the incred-
ibly sharp profile from coastal near-sea level environments to the valleys and pla-
teaus of the Andean mountains at altitudes ranging from about 3000 to over 4500m.
The impact of hypobaric hypoxia at these aititudes is severe enough to negatively
influence most humans. Yet within this land there are human populations who have
been living under conditions of hypobaric hypoxia for generations; there are other
human populations that have lived at altitude for only short periods of time—extend-
ing from days, to weeks, to months, to years, but not to generations. Within this land,
there are human populations whose residence and living conditions change hardly at
all with time, while there are other human populations whose life style dictates con-
tinuous movement up and down from near sea-level to the high mountains over very
shorts periods of time. The physiological stresses and adjustments required under
these various conditions differ, sometimes dramatically, and exactly the same consid-
erations apply to animals that live in similarly varied environments. To biologists this
land is a kind of heaven—filled with fascinating problems of adaptation and evolu-
tion of animal and human life in varied environments showing sharp transitions be-
tween each other. When Carlos Monge arrived on this earth in the spring of 1921,
little did he realize that he was born in the heart of one of the planet’s most wonderful
natural biological laboratories. Little did he realize that this would affect the rest of
his life.

The Basic Background Facts

Carlos Monge Cassinelli was born on September 1, 1921 at a sea level environ-
ment—Lima, Peru—where he lived his formative years as a boy and where he pur-
sued most of his career as an adult. His formal training was received at the University
of San Marcos (Faculty of Medicine) in Peru and at Johns Hopkins University (Dept.
of Medicine) and Cleveland Clinic & F.E. Bunts Educational Institute in the U.S.A.
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He held several positions both in Peru and in the U.S.A. during his career; since 1986,
he has been at the University of Peruana Cayetano Heredia in Lima. He has deserv-
edly received many honors and awards in his career, including fellowships from the
Rockefeller Foundation and from the Guggenheim Foundation in the U.S.A. In 1992,
he was honored with the Palmas Magisteriales en el Grado de Amauta in Lima, Peru.
Further Curriculum Vitae are available in an interesting little book published on occa-
sion of his 70th birthday®. The salient fact of Carlos Monge’s career is that for the
latter half of this century he has been a towering figure in the field of hypobaric
hypoxia research. If one considers his father’s work as well, it is clear that the Monges
have been dominant forces in the field for the better part of this century! My task,
which I accepted an an honor and as a command, is to try and put this enormous
contribution into perspective. How does this work fit into the overall scheme of things?

Three Basic Themes in Hypoxia Research

In considering this task, the first thing we must realize is that hypoxia research is
an enormous international endeavour. A search of data bases easily available at our
libraries recently identified over 20,000 publications in the field during the last 5 year
period. Even a cursory examination indicates that three themes are intertwined in this
vast literature. One of these, theme (a), focusses on hypoxia-tolerant species and as
its main goal aims at uncovering molecular and metabolic mechanisms of defense
against hypoxia in species that can survive inordinate O, limitation. Studies in theme
(a) are basically dealing with ‘normal’ physiology of species that are ‘abnormally’
hypoxia—or even anoxia—tolerant. The second theme (theme (b)) focusses more
upon hypoxia-sensitive systems in which research is dealing primarily with patho-
physioclogy and the main goal of research is defense, protection, or reversal of the
debilitating effects of O, limitation. The third, and more recently developing theme
(theme (c)) lies at the interface between these two quite distinct research approaches;
it aims to explore the possibilities of useful transfer of defense strategies of hypoxia-
tolerant systems to more applied situations, potentially as guidelines for more clini-
cally oriented researchers for intervention during O, limitation in hypoxia-sensitive
systems®.

The characteristics of these three intertwining themes in hypoxia research are
illuminating. Theme (a) is dominated by a frequent reliance on the August Krogh
principle, which was first clearly enunciated by Sir Hans Krebs’ in a paper presented
on occasion of C. Ladd Prosser’s 65th birthday. Krebs argued that there are two tenets
to the Krogh principle: namely, (i) that organisms can be used as an experimental
parameter per se and (ii) that for each major biomedical problem nature has invented
the ideal organism for its study. Krebs then went on to supply examples that extended
from his own biochemical work on the discovery of the citric acid cycle’ across many
levels of organization ultimately even to research in animal behaviour®. Taking ad-
vantage of the Krogh principle in theme (a) hypoxia research thus means using spe-
cies (organs, tissues, cells) that are especially well suited for analysis of the hypoxia
problems being addressed. For example, aquatic turtles are so anoxia-tolerant that
they can survive months of complete O, lack; they thus become an ideal system for
analysis of general anoxia-defense frameworks. High altitude adapted animals such
as the Andean camelids are exquisitely designed for function in hypobaric hypoxia;
they are thus an excellent mammalian model and have so been used by physiologists
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for many decades. Another characteristic of research in theme (a) is its reliance on so-
called ‘natural experiments’; this is in fact a common strategy of research in biology,
where careful analysis of nature’s experiments can allow insights into hypoxia de-
fense mechanisms that would be otherwise difficult or impossible to set up with ‘nor-
mal’ experimental systems. For example, the natural migrations of deep diving seals
make it clear to biologists that these organisms can remain submerged for up to and
over 90% of the time, that individual dives can reach two hours in duration, and that
these organisms can perform this way for weeks or even months at sea at a time.
These ‘natural experiments’ thus yield important insights to the adaptation limits and
requirements that have to be explained by any viable theory of O, management dur-
ing voluntary diving when the organism may frequently find itself on the knife edge
of anoxia. A third and equally important characteristic of theme (a) is a simultaneous
integrationist-and-reductionist approach to analysis of hypoxia defense mechanisms:
reductionist molecular physiology suggests the ground rules for low O, operation
while integrative physiology sets the limits and operating conditions for those ground
rules. The continuous interplay between these two approaches is synergistic and leads
to insights that could not arise from pursuing either approach separately*.

Theme (b) is more difficult to summarize. Theme (b) is really the mainstream in
hypoxia research. In this area, perhaps 90% or more of the research is done with rats
or humans, or with cells, tissues, or organs derived from these species. In trying to
achieve the main goals of theme (b)—intervention designed to protect against hy-
poxia or to reverse hypoxia or reperfusion damage—the main strategy of research
almost always includes a strong pharmacological element (for example, see ref. 14).
Work here is typically phenomenological, rather than mechanistic, and if the latter, it
is typically reductionist. Generally, there is a wide gap between reductionist research
in this area and integrative physiology; in fact, workers at the two different ends of
the integrative-vs-reductionist research spectrum are largely unaware of each other.
Similarly, workers in theme (b) typically are largely oblivious of workers or work in
theme (a), although there are a few striking exceptions to this statistical rule.

If theme (b) is the mainstream, then theme (c) is best defined as a slip-stream!
There are only a few brave souls in this area; however, the number and size of this
research area is growing and recently* an International Union of Biochemistry Sym-
posium specifically focussed on the interface between themes (a) and (b); a serious
attempt was made to evaluate how much of the classically comparative field of hy-
poxia research had a bearing on the mainstream and in particular what kinds of de-
fense strategies of hypoxia-tolerant systems could constitute effective framework for
intervention strategies in more clinjcally oriented research. In research papers, it is
often difficult to evaluate the status of theme (¢). Often the scientists involved are
either too close to their own research or too cautious to be concerned with whether or
not clinical researchers could use any of nature’s blueprints of hypoxia defense as
intervention strategies in clinical settings. In turn clinical researchers may find it dif-
ficult to pick through the details of pure science contributions to see what if anything
could be transferred to more traditional medical goals. From recent assessments>* it is
clear that several defense mechanisms in hypoxia-tolerant systems are well enough
understood to make them ripe for transfer into more applied research settings; many
others, on the other hand, are not yet at a stage where they would be particularly
useful to more clinically-oriented researchers.
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Monge’s Approach to Hypobaric Hypoxia Research Shares Many Features
with Theme (a)

When I first encountered Carlos Monge and his work in the Andes, I was struck
by many similarities between his approach to hypobaric hypoxia research and that of
theme (a) above. In the first place, I immediately ‘heard’ echoes of the August Krogh
principle: choosing study systems that are ideally suited to the research problem at
hand. For Monge, finding himself in the middle of a natural human laboratory, this
was and is a relatively straightforward process. The Andes are filled with such ‘best
choices’ for study systems. Temporal gradients of adaptation and gradients of ‘de-
adaptation’ are especially advantageous. With regard to the former, some indigenous
peoples have been living successfully at high altitude for time immemorial; the
Quechuas and their forebearers, for example, are generally assumed to have been
living in the Andes for over 10,000 years. Some high altitude people have been ex-
posed to altitude hypoxia for only a few generations; some, for less than one genera-
tion; and some, for less than a lifetime. On a comparative scale, these different groups
constitute ideal study systems. With regard to varying degrees of ‘de-adaptation’, by
the time Monge started his career, the disease of over-expression of red blood cells
was already known, named after his father and defined in part as a de-adaptation. This
over-reaction to chronic hypoxic stimulus is a kind of centre piece around which
many organ and tissue specific hypoxia responses are orchestrated; because it is char-
acterized by upwards regulation of the red blood cell mass, it is a simple matter to
find individuals whose hematocrits vary systematically from ‘normal’ to ‘abnormally’
high values. On a comparative scale, these then also constitute ideal types of study
systems and form the basis for much of Monge’s research—from studies of hemat-
ocrit effects on basic renal functions to effects on cerebral blood flow. In these kinds
of ways, much of Monge’s work implicitly or explicitly frequently makes such ‘best
choices’ of study systems for the specific research problems under investigation—a
key hallmark of theme (a) hypoxia research.

A second indication of theme (a) are echoes of the ‘natural experiment’ that so
typifies this approach to research in hypoxia. This is really a special version of the
above, with emphasis on the ‘natural experiment’ rather than ‘natural system’. For
example, Monge’s work has often taken advantage (i) of natural movements of peoples
between low and high altitudes, (ii) of miners exposed as a result of their work re-
quirements to environmental stresses in addition to hypobaric hypoxia, or (iii) of the
‘natural’ phylogenetic differences between Andean natives and Himalayan natives,
‘naturally adapted’ to hypobaric hypoxia for different periods of biological time. Again,
this theme (a) characteristic is evident broadly in his work—from comparisons of
hematological responses to hypoxia in Quechuas vs Sherpas to a comparison of ven-
tilation and its response to chronic hypoxia in lowlanders compared to indigenous
highlanders.

Thirdly, there are echoes in Monge’s research in hypobaric hypoxia of the theme
(a) characteristics of continuous interplay between molecular reductionist physiology
and integrative physiology. To be sure, formally Monge is trained in (and my sense is
that he tends to prefer) integrative physiology; this explains his numerous contribu-
tions to whole-organism level physiology of humans, animals, and even avian eggs
under hypobaric hypoxia. However, this has not discouraged him from simultaneously
exploring molecular (reductionist) properties of red blood cells, of hemoglobin struc-
ture and function, of hormone action, of tissue biochemistry, and of avian eggs. What
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is more, he has pulled the intellectual thread through the eye of the needle required to
integrate the two approaches and distil from them added physiological meaning'®'!,
Thus the similarities between theme (a) and the Monge approaches to hypoxia re-
search are everywhere evident.

Monge’s Approach to Hypoxia Research Also Shares Features with Theme (b)

As a pure research scientist, I had the greatest difficulty perceiving and accepting
Monge’s theme (b) of more applied work and interests. This is because I was initially
blindsided by the unexpected and impressive theme (a) characteristics of choosing
the ideal experimental systems and natural experiments for probing human hypobaric
hypoxia responses. Nevertheless, perusal of Monge’s career and productivity makes
it clear that he is profoundly motivated by the classical theme (b) goals of interven-
tion and protection against hypoxia, or of reversing, the debilitating effects of chronic
hypoxia on those individuals who succumb to this environmental stress. Adding to
my own initial difficulties at seeing the full range of Monge’s theme (b) research in
hypoxia is the apparent paradox that this work frequently focusses almost exclusively
on what I have already defined as a ‘best choice’ of study system—the indigenous
highlander—but in this case, the highlander who for unknown reasons, succumbs to
the unrelenting hypobaric hypoxia of his environment. To Monge, however, the ideal
choice of study system probing purely theoretical questions does not preclude a pro-
found classical medical interest in the theory and practice of conquering so-called
‘high altitude’ diseases'>. Again, because of his perception that a high hematocrit is a
central physiological condition which determines many tissue/organ responses to
hypoxia, much of Monge’s theme (b) research takes as its point of departure the goal
of reversing the harmful effects of excessive polycythemia, while simultaneously rec-
ognizing other potential problems that can arise such as CNS complications (from
headache to migraine to stroke), compromised renal function, and other hypoperfusion
based organ-specific perturbations.

Monge’s Approach to Hypobaric Hypoxia Research Also Shares Features With
Theme (c)

When I began to analyze Carlos Monge’s work, what was perhaps most interest-
ing of all to me was a similarity that I saw between his ‘within-species’ approach and
the more classically comparative ‘between-species’ approach to hypoxia research. In
addition, implicit in all of Monge’s work with humans indigenous to high altitude is
the assumption that much of their response is the ‘healthy’ human’s response to hy-
poxia; only in the extreme case (for example, in Monge’s Disease or perhaps in old
age) is the response that of an ‘unhealthy” human. Interestingly, there is an enormous
dearth of information in theme (b) research on the ‘healthy’ response to hypoxia chal-
lenge, a serious, near-fatal flaw in the theme (b) approach to hypoxia research (Monge’s
work here being a notable exception). Theme (b) if anything is overwhelmed by dis-
ease syndromes'—by heart disease and cardiac arrest, by similar disease in the CNS
and stroke, by acute renal failure, by liver ischemia, and so forth. None of this re-
search can tell us anything about how the normal or healthy organ or system would
protect itself against hypoxia. Hence, implicit in much of Monge’s work on indig-
enous highlanders!! is the theme (c) idea of potential transferability of hypoxia de-
fense strategies of healthy humans to more traditional clinical conditions. Implicit in
his work on hypoxia adaptations in animals is the very same concept. In fact, I have
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argued elsewhere?® that the main Monge legacy in human hypoxia research challenges
us to evaluate how hypoxia defense mechanisms of adapted systems (animal or hu-
man) can be harnessed as intervention strategies or frameworks in protecting more
hypoxia-sensitive systems against O, limitation.

Why the Enormous Influence of Monge’s Work

Whereas this theme (c) derived legacy challenges and focusses our future re-
search interests, in itself it does not account for the enormous impact of Monge’s
contribution. In fact, there may be no single, simple explanation for the latter. But if
there is, in my opinion it must be because Monge’s work overlaps and subsumes all
the three major themes which have been evolving in the field of hypoxia research
over this century. In the enormous literature to which I refer above, most of us work
within rather limited vistas; individuals like myself mainly dabble with theme (a)
approaches. Most of my medical colleagues in North America work purely within the
theme (b) framework. Judging from the only assessment thus far carried outt, only a
few of us work in theme (c); the area is still minute and is easily overlooked. In
contrast, Monge’s work is at once (i) pregnant with information on perhaps the best
choice of study system available for unravelling the effects of chronic hypoxia on
human physiology and biochemistry—theme (a); (ii) it is filled with insight into in-
tervention strategies again based on ideal systems for study-theme (b); and (iii) it is
anxious to inquire into which adaptive features of the ‘best choice’ of study system
can be transferred to defending more hypoxia sensitive tissue/organs or individuals in
more traditional clinical settings—theme (c). The secret of Monge’s enormous suc-
cess may well lie in the fact that, unlike most of us, he towers over all three major
themes in late 20th century hypoxia research.

Given this stature, one might wonder if there is any area of human hypoxia re-
search that eludes the Monge reach. Are there any issues so difficult and stubborn that
not even the Monge three-pronged attack can solve? Perhaps surprisingly, given the
evident Monge success in many areas of human hypoxia research, the answer is affir-
mative.

Monge’s Final, Big and Nagging Questions: Extent and Limits of Human
Adaptability

As abiologist, I am most fascinated with two additional unresolved issues that are
found running throughout the enormous research output of both senior and junior
Monge; namely, the problems of extent and limits of human adaptability to hypobaric
hypoxia*'®!!. These issues of course collapse into the single unsolved problem of
human adaptability which transcends their work and actually pervades the entire
hypobaric hypoxia literature. Thus to put this area into perspective, it is important to
emphasize that one reason for the problem being so seemingly intractable is confu-
sion stemming from definition. To physiology, a trait is defined as an adaptation if it
can be demonstrated to be ‘useful’ in performing some organ, tissue, cell, or molecu-
lar function and thus to aid in survival of the organism. To biology, however, this is
usually considered an inadequate definition. To biology, a trait is an adaptation if and
only if it is the outcome of focal selection; in this context, many so-called adaptations
are merely characteristics, whose origin is obscure and whose origin may well have
involved a coincidental linkage with some truly adaptive trait. Demonstrating a true
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adaptation in this context becomes a rather daunting proposition; with humans, it
borders on the impossible.

Monge’s Approach to the Adaptation Issue

In his characteristic and systematic way, Carlos Monge has probed the issue of
human adaptation to hypobaric hypoxia in two ways: using ‘between-species’ and
‘within-species’ analyses to throw light on the problem®!®!. The conclusions from
the first approach—comparing animal adaptability limits to those of humans indig-
enous to high altitude—are rather disappointing for on this scale of comparison hu-
mans show almost imperceptible and certainly immeasurable hypobaric hypoxia ad-
aptations. The functional properties of hemoglobins supply the textbook example of
the rather puny hypoxia adaptation potential of the human species compared to high
altitude adapted animals: in most, perhaps all, examples of the latter, hemoglobin
affinity for O, has been scaled upwards while hemoglobin concentration and hemat-
ocrit have been scaled downwards. Judging from successful high altitude animals,
the most effective hypoxia adaptation strategy for this level of physiology clearly is
high efficiency of O, loading at the lung and low cost of red blood cell transport
through the blood (low viscosity). No humans—not Sherpas, not Tibetans, not Andean
natives—no humans known today anywhere on this planet have been able to achieve
this adaptation to hypobaric hypoxia. On several similar criteria that have been ana-
lyzed'?, the same conclusion arises: on interspecies scales of hypobaric hypoxia ad-
aptation, humans display minimal, essentially immeasurable adaptation potential.

However, the Monges have also probed the issue of human hypoxia adaptability
limits by means of ‘within-species’ comparisons. The classical comparisons are of
humans adapted to high altitudes for differing amounts of phylogenetic time—the
commonest comparisons are of lowlanders, Andean natives, and of Himalayan na-
tives. On this scale, many physiologists and biochemists accept that there may be
some evidence for true hypoxia adaptations within the human species. One example
that Carlos Monge has helped us to expose concerns the nature of heart metabolism in
high altitude natives. Both Quechuas from the Andes® and Sherpas from the Himalayas®
have been studied, but currently the best evidence probably arises from the Sherpa
studies. Magnetic Resonance Spectroscopy studies of heart metabolism suggest very
striking differences between Sherpas and lowlanders that are seemingly stable for at
least 3-4 weeks following de-acclimation from high altitude. The differences noted
are consistent with a metabolism in the heart of altitude natives designed to use oxy-
gen 25-60% more efficiently than in the heart of lowlanders®. Thus, as originally
proposed by the senior Monge!?, and periodically considered by the junior Monge',
there are tantalizing bits and pieces of evidence suggesting true biochemical and physi-
ological ‘defense’ adaptations of high altitude humans to hypobaric hypoxia. Indeed,
it is interesting that Chronic Mountain Sickness or Monge’s Disease was originally
defined as involving a ‘loss of adaptation’ to hypobaric hypoxia!!'2, Be this as it may,
it is important to acknowledge that gene or protein sequence data providing evidence
of focal selection for specific advantageous functional adjustments are thus far lack-
ing—and until such data are forthcoming, we must maintain an open mind (as indeed
Carlos Monge has done through most of his career) on the issues of the extent and
limits to human hypoxia adaptability. Compared to animals, we know the potential is
small; compared to lowlanders, indigenous highlanders may indeed express some
true biological adaptations, but proof of this contention is not yet definitive.
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Doing Competitive Science in a Developing Country

The above thumb-sketch hopefully gives the reader a sense of how, born in the
heart of a natural biological laboratory, Carlos Monge took advantage of the situation
(using best choices for the problems under study and using natural experiments which
would be impossible for an experimenter to directly set up or even mimic) to make an
enormous impact internationally on the field of hypobaric hypoxia research. To many
of his colleagues around the world, however, one of the most impressive aspects of
Monge’s career is remaining so productive and so competitive in a fast-moving and
vast field of research while doing much (indeed, most) of his research in a developing
country. As many of us who have either worked in the Andes or areas like it elsewhere
in the world know too well, this is no easy or simple feat; it is an awesome achieve-
ment, in its own right deserving special mention and special accolades. I well under-
stand that many of Carlos Monge’s colleagues in the Andean nations properly appre-
ciate this special and unique contribution and have awarded him recognition and honor
for this reason. That presumably is the main meaning of his 1992 Palmas Magisteriales
en el Grado de Amauta.

Realizing that one literal translation of Amauta is ‘sage of the Incas’, on my last
trip to the Andes, while visiting Machu Picchu, I imagined the possibility of Peru
offering him a different, and perhaps even higher, kind of honor and recognition: the
remoulding of a part of that most noble of Inca imges, Huayana Picchu, and renaming
it—Monge Picchu! In my mind, that could constitute Peru’s ultimate ‘homage’ to one
of its finest sons.

Carlos Monge Cassinelli is not only ‘sage of the Incas’; he is ‘sage’ of a large and
admiring international community of scholars, scientists, and medical doctors, who
will remember his work forever.
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HOW THE HYPOXIA
SYMPOSIA BEGAN

Like many babies, it is not certain exactly when conception of the Hypoxia Sym-
posia occurred. Like most human endeavors it is the fruit of many persons’ work and
dreams. Yet, to be as precise as possible, we might date the origin of these (and their
younger siblings) to the fall of 1973.

High altitude mountaineering was flourishing by then and many of the highest
summits had been reached without supplemental oxygen. It had become obvious that
there were many hazards in mountaineering which climbers—and doctors—knew
little about and were unprepared to manage. Charlie’s experience in the high Himalayas
dated back to 1936 with the climb of Nanda Devi, and his interest had been refueled
by a case of high altitude pulmonary edema he saw in Aspen in 1961.

Believing that some of the early Everest climbers had valuable knowledge about
altitude to share, Charlie wrote old friends in England, and in the fall of 1973, with
help from the Alpine Club, gathered a dozen of the great British mountaineers for an
afternoon of discussion in London. Among them were Noel Odell, Bill Tilman and
Raymond Greene to talk about their personal experiences on the highest mountains.

Michael Ward chaired the meeting and set the stage with a summary of what little
was known then about the physiology of altitude illnesses. Though no written record
survives, the discussion was so stimulating that the Alpine Club arranged a larger and
more formal meeting for March 1975 in Wales, the proceedings of which were pub-
lished a yéar later!.

In July 1975, the eighth year of the high altitude research on Mount Logan?, many
of the support team who served as subjects for the research were or planned to be
medical students. John Sutton and Peter Powles gave them several talks about various
aspects of altitude physiology and medicine while they were getting their baseline
studies at McMaster University. Later at Base Camp on Kluane Lake in the Yukon,
John led more extensive seminars for the subjects and the project scientists. These
people were enthusiastic about these talks, suggesting that other mountaineers and
scientists might be interested too.

So Charlie persuaded the Yosemite Institute to sponsor a three-day meeting in
October 1975 in Yosemite National Park. At this nervously planned meeting many
aspects of mountain medicine were discussed by experts in altitude, cold injury, trauma,
medical evacuations and other topics of importance to climbers, trekkers and casual
visitors to the mountains. This Mountain Medicine One was so successful that three
more were held, one in Yosemite and two, sponsored by the Arctic Institute, in Banff,
the immediate ancestors of our present symposia.

The objectives were well defined: to offer the best available information about
mountain hazards not only for doctors but specifically for climbers, hikers and any
others who might be in harms way in the mountains. Each attracted a large audience.
Authorities like Noel Odell from England, Bo Siesjo from Sweden, Jacques Foray
from France and other veterans spoke, and many others presented abstracts of their
work for the medical audience.
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Then in 1978 Everest was climbed, au naturel as it were, and as more climbers
tried the high mountains, more deaths from altitude illness were recorded, and an-
other Mountain Medicine meeting was held in 1979. Although one of the four days
was designed for mountaineers and covered many mountain hazards besides altitude
illnesses, the main thrust of the meeting was on research in how oxygen was trans-
ported and used. This meeting was held in Banff and the name Hypoxia Symposium
and the logo were used for the first time.

Of historical interest are the misgivings which clouded this decision. Some said
that mountaineers wouldn’t come; others warned that true scientists were already
committed to more esoteric meetings. Many doubted that there would be enough new
material to attract the best scientists. But almost immediately these fears proved ground-
less: people did come, and outstanding scientists and climbers eagerly accepted an
invitation to speak. We were determined to keep the cost modest, but even so the only
real problem (which turned out to be perennial) was lack of money!

The programs got better and better, more and more world authorities came to
listen or talk, and more and more junior scientists submitted good research abstracts.
Subsequent meetings have been designed for scientists exploring all aspects of hy-
poxia—due to altitude or illness, in man as well as in birds, fish, insects and mam-
mals.

These scientific presentations are sophisticated, cutting edge stuff, but neverthe-
less, respecting the origin of the meetings, one day of each Symposium is devoted to
Mountain Medicine, including clinical cases and practical advice for mountaineers.

Recently mountain medicine has become fashionable and other groups discuss
trauma, rescue, avalanches and many risks in the mountains. At our Symposia the
Day in Mountain Medicine stresses altitude hypoxia and its effect on those who go to
the mountains for work or play. Many climbers come for this day alone while some
try to digest the program on other days as well. Many scientists who are not moun-
taineers attend the Mountain Medicine talks looking for clues to relevance for their
research. The easy access to great outdoor winter sports does not detract from or
distract the audience.

In 1982 the Proceedings of the second Symposium (1981) were printed, as they
have been for each one since then®'°. Though most of the books are out of print, some
of the more recent ones are still available.

Many senior scientists have attended the Symposia over the years, including Griff
Pugh, Hermann Rahn, Hugo Chiodi, Bruce Dill, and Ulrich Luft. Distinguished moun-
taineers like Barry Bishop, Kitty Calhoun, Peter Hackett, Oswald Oelz. John Roskelly,
Michael Ward, and Jim Wickwire have spoken at the evening sessions.

A special feature, started in 1989, has been dedication of the meeting to an indi-
vidual who has devoted his or her lifetime to improving what we know about hypoxia
and mountaineering hazards. Those honored include Herman Rahn, Griff Pugh, Carlos
Monge, and began with Charlie Houston in 1989.

Meanwhile, since 1975, many other meetings dealing with the mountain environ-
ment have evolved. Most are clinically oriented to provide practitioners with continu-
ing education in this new specialty. The oldest of these, the Mountain Medicine Insti-
tute in Oakland, California'!, presents six to eight weekly lectures each year on all
aspects of outdoor medicine. These have attracted more than 16,000 people since
1975. The Wilderness Medical Society'?, dedicated to education, has been sponsoring
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longer meetings since 1986, often holding two meetings each year. Many others are
commercially sponsored.

It is nearly a quarter century since our Symposia began and the quality of the
program and enthusiasm of the audience continue to increase. With appropriate mod-
esty we may say that these Symposia have fathered many offspring, regardless of
when or how they were conceived.

Some have asked if we will continue. . . . The answer is emphatically YES, and
during the first full moon in February every other year. We have reserved that time at
the Chateau Lake Louise until 2001. Why the full moon? Well, not for the same
reason that the Lunar Society met in Birmingham every month for fifty years. Nor, to
quote Mallory, “Because it’s there.” Simply because it is so beautiful.

John R. Sutton Charles S. Houston Geoffrey Coates
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CHAPTER 1
CNS RESPONSE TO HYPOXIA

Roger P. Simon, M.D.

Department of Neurology
Pittsburgh
Pittsburgh, PA 15261

Introduction

The functions of the brain altered by hypoxia are well known. At sea level, when
the PO, is decreased to 75% of normal, complex task performance is altered; at 65%
short term memory is impaired; at 50% judgment is altered; unconsciousness occurs
with PO,’s between 30 and 40% of normal®. Death from hypoxia was recognized as
early as 1874, when three balloonists lost consciousness at an altitude above 23,000
feet; two of the three men died'. At high altitude the impact of hypoxia upon climbers
appears to be on cognitive more than motor skills'>’. Whether or not permanent re-
sidual nervous system abnormalities occur is controversial, but a statistically signifi-
cant decline in digit recall (regarding cognitive function) and speed of finger tapping
(representing motor function) has been found following an expedition to the summit
of Everest; the abnormalities lessened but at 12 months after the expedition still re-
mained statistically different than the pre-expedition testing®"'.

Background

The classic experimental literature, however, does not support hypoxia as an eti-
ology for neuronal death in brain. The primate experiments by Brierly et al, 1978°
used 3.2 percent oxygen in a nitrogen atmosphere as hypoxic exposure. Brain dam-
age was rare in these animals, using neuropathology as the criterion. When brain
damage did occur, selective neuronal loss was not found but rather cell death and/or
infarction was found in arterial border zones and therefore was the result of superim-
posed ischemia. A similar series of experiments was reported by DeCourten, Meyers,
et al, 1985°. Cats were exposed to a PaO, of approximately 17 mmHg for 25 minutes.
Following this exposure to hypoxia, the cats were normal clinically and neuropatho-
logically, unless hypotension supervened. With hypotension, again, border zone
infarction occurred. Chemical hypoxia has also been studied by Brierly et al, 1977
and MacMillan, 1989*!* using cyanide exposure in vivo. Little neuropathologic in-
jury occurred if systemic pressure was maintained.

Some clinical data in humans also support the relative benignity of profound hy-
poxia. A group of 22 patients was studied at the Yale New Haven Hospital because of
Pa0,’s less than 20 mm/Hg (the lowest 7.5 mm/Hg). Of the 22 patients, 13 recovered
despite PaO,’s below 20 mm/Hg. Those recovering included the patient with the low-
est PaO, and both patients who were comatose with decerebrate rigidity'. Some

Abbreviations: AMPA, oi-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NBQX, 2,3-
dihydroxy-6-nitro-7-sulfamoyl-benzo(f)quinoxaline; NMDA, N-methyl-D-aspartate; SDH,
succinate dehydrogenase.
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neuropathologic data from humans is available as well. Three young patients, 16 to
19 years of age, were previously healthy but developed acute respiratory hypoxia
with PaO,’s below 45 mm/Hg which persisted for one to eight days prior to sudden
fatal cardiac failure. Just prior to death PaO, measurements were 24 to 38 mm/Hg and
arterial pressure measurements were 55 to 80 mm/Hg. Detailed neuropathologic ex-
amination showed no evidence of anoxic-ischemic injury in any of the brains'’.

The mechanisms by which neurons die in an hypoxic atmosphere have been sub-
stantially clarified over the last decade in both in vivo and in vitro systems®. The
initiating phenomenon appears to be an elevation in the concentration of the excitatory
amino acid neurotransmitter glutamate within the extracellular compartment.
Glutamate induces depolarization of the post-synaptic membrane via the AMPA gated
channel. Such depolarization opens voltage-gated and receptor-operated calcium chan-
nels. Continual glutamate exposure, therefore, results in intracellular calcium toxicity
which induces catabolic processes within the cell, ultimately producing protein dena-
turation and cell death. The potential neuronal injury can be detected even at the early
stages, as glutamate concentrations in the extracellular compartment can be moni-
tored by in vivo microdialysis techniques®. Further, early and subtle neuronal injury
can be detected immunocytochemically by the use of antibodies to nonconstitutive
heat shock proteins (HSP) which are induced by a wide variety of stresses in the
brain, including ischemia'®. Induction of HSP’s represents a response of the cell to the
presence of denatured protein'. The presence of denatured proteins activates heat shock
factors® which bind to heat shock elements which result in transcription of HSP
RNAZ#, Thus, neurons which stain immunocytochemically with HSP antibody con-
tain denatured proteins as evidence of early intracellular injury.

We therefore used the highly sensitive techniques of in vitro microdialysis and
HSP immuno-cytochemistry to examine the role of pure hypoxia, in the absence of
ischemia, in the production of brain injury.

Experimental Design

Paralyzed ventilated normothermic adult male Sprague Dawley (approximately
350 grams) rats were studied. Monitoring included femoral arterial pressure and EEG.
A microdialysis probe was implanted in the brain region most vulnerable to hypoxic-
ischemic injury, the dorsal hippocampus, and cerebral oxygen content was continually
monitored by a thin film oxygen probe (Ottosensors) also placed in the hippocampus.
Following standardization of the monitoring parameters, 2% halothane and 24% oxy-
gen with the balance nitrogen was changed to 6% oxygen with the remainder nitrogen,
and the halothane was discontinued. Arterial blood pressure was maintained above 60
mmHg using intravenous boluses of normal saline as necessary. After 20 minutes of
6% hypoxia an FiO, of 24 to 30% was delivered for a 40 minute recovery period.

For comparison, oxygenated animals (FiO, of 20 percent) were prepared and sub-
jected to global ischemia via 4 vessel occlusion techniques for 20 minutes. The dura-
tion of global ischemia was confirmed by EEG isoelectricity'®. All animals were per-
mitted to recover and were sacrificed 24 hours later. The brains were prepared for
immunocytochemical staining; glutamate concentrations in the microdialysate were
measured using HPLC®,

Results
The effects of hypoxic ventilation on arterial blood gas values and mean arterial
pressure (MAP) are found in Table 1. Figure 1 illustrates the changes in extracellular
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fluid oxygen tension in the hippocampus of rats given 20 minutes of 6% inspired
oxygen (open diamonds, n=3) or 20 minutes of four vessel occlusion (solid diamonds,
n=3). Bars indicate standard error. Bullets indicate values significantly different be-
tween groups at given time points using the non-parametric Mann-Whitney rank sum
test; p=0.05. Figure 2 illustrates the changes in brain microdialysis concentrations of
glutamate in rats given 20 minutes of 6% inspired oxygen (open diamonds, n=5) or
20 minutes of four vessel occlusion (solid diamonds, n=3). Bars indicate standard
error. Bullets indicate values significantly different between groups using the non-
parametric Mann-Whitney rank sum test; p=0.05.

Table 1.
Baseline 5 Min 10 Min 15 Min Post-insult
pH 7.420+.029 7.338+.057* 7.234+.062* 7.152+.078* 7.052+10.4*

pCO2 (mmHg)  43.244.2 30.943.5* 27.0%3.6* 25.143.5% 50.743.9%
pO2 (mmHg) 87.6112.8  20.4+2.3* 22.74£3.0* 23.7£2.9* 77.0£10.2%
MAP (mmHg) 103.3+4.0  106.7+23.5 105.7435.6 99.0£15.7 109.3111.6

Values expressed and mean + SD

#*p<0.01 for difference from baseline
+p<0.001 for difference from baseline
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Figure 3 illustrates the immunocytochemical data. Figure 3a shows the effect of
20 minutes of hypoxia upon HSP induction. This section is not different from that of
a control animal. Twenty minutes of ischemia however, does induce HSP in the pattern
shown in Figure 3b, with diffuse staining throughout the cortical mantle and hippo-
campus. Figure 3c is a high-power view of the cortical mantle of the ischemic brain.

Discussion

Thus, hypoxia, to the degree obtainable in vivo (approximately 20 mm/Hg), does
not injure brain neurons, as evidenced by the lack of stress protein induction, nor does
it demonstrate the neurochemical signature of in vitro hypoxia or in vivo hypoxia-
ischemia: elevation of extracellular glutamate concentration. This finding does not
necessarily mean that an increase of glutamate release did not occur, as astrocytes
maintain glutamate uptake during hypoxia or even anoxia as long as there is adequate
glucose substrate!'®,

These experiments, and those reviewed earlier, studied pure alterations in oxygen
content. In the clinical situation there is an additional component of the CO, content.
In acute ventilatory failure PaCO, is elevated, but climbers at altitude have marked
hyperventilation with arterial PaCO,’s reduced to the range of 11 mmHg". As has
been recently demonstrated that hydrogen ions gate the major receptor-gated calcium
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Figure 3a
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Figure 3c
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channel® (the NMDA-preferring subset of the glutamate receptor), the changes in
extracellular pH caused by marked alterations in PaCO, could conceivably effect
hypoxic brain injury. Hypercarbia and induced respiratory acidosis would tend to be
protective. The very high PaCO,s seen in the hypoxic survivors reported by Gray and
Horner" might be an example of such a phenomenon. In focal ischemia, hypercarbic
ventilation has been shown to attenuate infarct size'’. Hypocarbia with respiratory
alkalosis, on the other hand, might make the brain more vulnerable to hypoxia®.

What then is the mechanism of hypoxic brain injury? Presumably, such brain
injury is due to superimposed ischemia, with a well known and reproducible pattern
of injury affecting the so-called selectively vulnerable neurons in hippocampus and
cortex. Damage to these cells could be responsible for short-term memory impair-
ment and slowed motor function found in climbers to the Everest summit. Hypoxia
(PaO,s between 15 and 40 mmHg) when confined to the cerebral circulation produce
hyperpnea, bradycardia, and cardiac failure®. Of the proven effects of hypoxia upon
the brain, such induced ischemia is the only clear culprit in the induction of “hy-
poxic” brain injury.
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CHAPTER 2
MALONATE INHIBITION
OF SUCCINATE
DEHYDROGENASE:

A MODEL OF CHEMICAL
HYPOXIA

James G. Greene' and J. Timothy Greenamyre'??

Departments of Neurobiology and Anatomy', Neurology?, and Pharmacology?
University of Rochester Medical Center
601 Elmwood Avenue, Box 673
Rochester, NY 14642

Abstract

In this article, we review the neurotoxicity of the succinate dehydrogenase inhibi-
tor malonate. Intracerebral stereotaxic injection of malonate in rats produces dose-
dependent lesions that are similar in character to hypoxic/ischemic damage; most
neurons are destroyed, but tissue architecture, glia, and certain neuronal populations
are largely spared. These lesions are prevented by NMDA antagonists, but are not
affected by non-NMDA antagonists or hypothermia. In addition, malonate exacer-
bates the neurotoxicity of direct excitotoxins, including NMDA, AMPA, and glutamate.
We conclude that malonate neurotoxicity provides a simple model of chemically-
induced hypoxia.

Introduction

The relationship between neuronal bioenergetics and the glutamatergic system
may have profound implications for the pathogenesis of both acute and chronic neu-
rological diseases'**. Although relatively subtle bioenergetic defects may predomi-
nate in chronic neurological disorders, the metabolic dysfunction resulting from acute
insufficiency of oxygen or glucose is dramatic. This metabolic compromise has a
variety of neurochemical sequelae, including a prominent rise in extracellular con-
centrations of excitatory amino acids®*. It is hypothesized that these high glutamate
levels cause excessive glutamate receptor activation and subsequent excitotoxic neu-
ronal death, but high ambient glutamate levels may also be toxic in other ways'®. In
addition, the postsynaptic manifestations of metabolic impairment may play an equally
important role in the acute neurodegeneration accompanying hypoxia/ischemia inso-

Abbreviations: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NBQX, 2,3-
dihydroxy-6-nitro-7-sulfamoyl-benzo(f)quinoxaline; NMDA, N-methyl-D-aspartate; SDH,
succinate dehydrogenase.
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far as recent experimental evidence suggests that metabolic compromise predisposes
neurons to glutamate receptor-mediated excitotoxicity™'#¥3%,

There are several mechanisms by which metabolic inhibition may enhance neu-
ronal sensitivity to extracellular glutamate. Metabolic dysfunction impairs the ability
of neurons to maintain resting membrane potential by disrupting ion pump function.
The resultant depolarization may relieve the voltage-dependent magnesium blockage
of the N-methyl-D-aspartate (NMDA)-subtype of glutamate receptor, allowing for
easier receptor activation and greater ion flux through the associated ion channel®.
This excessive inward ion current (Na* and Ca?*) leads to subsequent neuronal death.
This process has been termed “weak” or “secondary” excitotoxicity'”. Systems down-
stream from synaptic receptors may also be affected by metabolic impairment. These
may include second messenger pathways, intracellular calcium buffering, osmotic
regulation, and free radical containment. Disruption of any of these systems may
render neurons more vulnerable to an excitotoxic insult.

Malonate is a reversible, competitive inhibitor of succinate dehydrogenase (SDH),
an enzyme which plays an integral role in both the citric acid cycle and the electron
transport chain. In vivo malonate injection represents a model of focal, chemically-
induced hypoxia. Brain lesions caused by malonate are similar in character to those
caused by hypoxia/ischemia or direct excitotoxin injection'*’. This article reviews
results from recent experiments in which we used local stereotactic injection of
malonate to investigate interactions between bioenergetics and excitotoxicity'”"°.

Methods

Stereotaxic surgery and tissue preparation. All animal use procedures were in
strict accordance with the NIH Guide for the Care and Use of Laboratory Animals
and were approved by the University Committee on Animal Resources. Male Sprague-
Dawley rats (200-300g) were anesthetized with 4.0 ml/kg Chloralpent [chloral hy-
drate (42.5 mg/ml) plus pentobarbital (8.9 mg/ml)] and placed in a stereotaxic frame.
Two microliters of solution (pH 7.4) were injected into the right striatum (0.7 mm
anterior, 2.8 mm lateral, and 5.0 mm ventral with respect to bregma and dura) or
hippocampus (3.6 mm posterior, 2.0 mm lateral, and 3.1 mm ventral) using a Hamilton
10-pl syringe (26G). Following a 5 minute interval to allow for complete diffusion of
the injected volume, the needle was retracted; burr holes were filled with gel foam
and wounds were clipped. Animals receiving systemic drug treatment received two
injections: one 30 min before surgery and one 210 min after; control animals received
bacteriostatic saline. The rats were killed three days after surgery, and the brains were
frozen immediately on dry ice. Frozen serial sections (25 pm) throughout the scope
of the lesion were cut and mounted on polylysine-coated slides.

Core temperature measurement. In some experiments, animal core temperature
was measured using a rectal temperature probe inserted to a consistent level. Tem-
perature measurements were made immediately following malonate injection and every
hour for eight hours; a final measurement was taken 24 hours after surgery.

Cytochrome oxidase histochemistry and analysis of lesion size. Every fourth sec-
tion was stained for cytochrome oxidase activity. Slides were placed in incubation
medium [5 mg cytochrome ¢ and 30 mg 3,3'-diaminobenzidine in 50 ml of 0.1 M
phosphate buffer, pH 7.4] for 90 min at 37°C and then removed to 4% neutral, buff-
ered, paraformaldehyde for 10 min. Sections were rinsed with distilled water, dehy-
drated, cleared in xylene, and coverslipped. The lesioned area on each section was
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quantified using a video-based MCID image analysis system (Imaging Research, St.
Catharines, Ontario, Canada). The sum of the individual area measurements was
multiplied by intersectional distance (100 um) to determine total lesion volume.

Morphological analysis. Several representative sections were stained for Nissl
substance using thionin. Sections were examined under the light microscope, and
some were digitized for presentation using the image analysis system.

Chemicals and drugs. The competitive NMDA antagonist LY274614 was a gift
from Dr. Paul Ornstein (Eli Lilly, Indianapolis, IN). The competitive o-amino-3-hy-
droxy-5-methyl-4-isoxazole-propionic acid (AMPA) antagonist 2,3-dihydroxy-6-ni-
tro-7-sulfamoyl-benzo(f)quinoxaline (NBQX) was a gift from Dr. L. Turski (Schering
AG). All other chemicals and drugs were obtained from commercial sources.

Statistical Evaluation. Comparisons between multiple groups were made with
one-way ANOVA, followed by post-hoc two-tailed Dunnett procedure or two-tailed
Bonferroni-Dunn procedure. Comparison between two groups was made by an un-
paired two-tailed t test. A p-value of less than 0.05 was considered significant.

Results and Discussion

Malonate lesions have been most completely described in striatum. They are dose-
dependent and involve marked neuronal loss*'"'¢, The cytoarchitecture of the striatum
remains largely intact inasmuch as axon bundles appear undamaged and the striatal
tissue maintains its volume and integrity, at least at early time points. Furthermore,
glial cells are largely unaffected by malonate, with the exception of a variable amount
of reactive gliosis at the lesion core'. It has also been reported that, although the
majority of neurons are destroyed by malonate injection, specific subsets of neurons
are spared. Medium, aspiny, somatostatin/NADPH diaphorase-positive neurons are
relatively preserved, as are large, cholinergic neurons?. GABA/substance P neurons
appear to be the most susceptible to malonate*. Malonate lesions are similar to those
seen following transient striatal hypoxia/ischemia, which are characterized by neu-
ronal loss with sparing of glia and tissue architecture, and sparing of somatostatin/
NADPH-positive and large, cholinergic neurons'**. To support the contention that
malonate exerts its toxic action by inhibiting SDH, co-injection of excess succinate
prevents neuronal damage'®, and injection of malonate markedly decreases striatal
ATP and increases striatal lactate®.

We have investigated the involvement of glutamate in malonate toxicity by exam-
ining the effects of glutamate antagonists or agonists on the volume of malonate-
induced striatal lesions. As can be seen in Figures 1 and 2b, the noncompetitive NMDA
antagonist MK-801 prevents the neurotoxicity associated with intrastriatal malonate
injection'®. MK-801 is similarly effective at preventing the toxicity of hi gher doses of
malonate (2 tmoles vs. 1 umole)*"”. These results indicate that the majority of malonate
neurotoxicity is mediated indirectly by the NMDA receptor.

One concern as to the specificity of these results is reports indicating that MK-
801 induces hypothermia in certain experimental paradigms®'. Since, in some hy-
poxic/ischemic models, even small differences in temperature have been associated
with large differences in lesion size'®!"* we measured core temperature and lesion
volume in control animals, MK-801-treated animals, and animals made hypothermic
by the administration of excess anesthesia (Fig. 2). In this model, MK-801 did not
induced any degree of hypothermia at any time point. In fact, its administration was
associated with significantly higher core temperatures from 3 to 8 hours after surgery.
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Figure 1 Digitized images of representative cytochrome oxidase stained sections from brains of rats
injected with 1 pmol of malonate. (A) control, (B) MK-801-treated (5 mg/kg, i.p.) (C) NBQX co-injection
(2 nmol) Note the protection by MK-801 and lack thereof by NBQX. Reproduced with permission from the
Journal of Neurochemisry.
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Figure 2 (A) Mean core body temperature over time following surgery in control, MK-801-treated, and
anesthesia-induced hypothermic rats. Each point represents mean + SEM of 10 animals. MK-801 did not
induce hypothermia at any time point. (B) Striatal lesion volume of rats from control (n=16), MK-801-
treated (n=13), and anesthesia-induced hypothermic (n=11) rats. MK-801 provided profound neuroprotection,
but hypothermia did not. Reproduced with permission from the Journal of Neurochemistry.
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Figure 2b indicates that even in the absence of any hypothermia, MK-801 is highly
neuroprotective. Furthermore, anesthesia-induced hypothermia was not protective
against the toxicity of malonate injection (Fig. 2). These results indicate that the pro-
tective effect of MK-801 is mediated by its NMDA receptor blockade and not by a
nonspecific temperature effect'®. This conclusion is further supported by data indicat-
ing that LY274614, a potent competitive NMDA antagonist®, and 7-chlorokynurenate,
a glycine site antagonist, are both neuroprotective'®,

Several other reports indicate that the neurotoxicity of malonate is mediated by
the NMDA receptor**. Further implicating the glutamate system, malonate toxicity
is prevented by both prior decortication to remove striatal glutamatergic input and
inhibition of glutamate release by lamotrigine®. Malonate toxicity appears to be me-
diated exclusively by the NMDA subtype of glutamate receptor because the non-
NMDA antagonist NBQX is not neuroprotective against malonate (Fig. 1)'%.

Co-injection of glutamate receptor agonists with malonate has also proved help-
ful in defining the relationship between metabolism and excitoxicity. The general
design of these experiments was the combination of subtoxic doses of malonate and
agonist. Co-injection of malonate with NMDA produces a marked synergistic toxic-
ity that is blocked completely by MK-801, but unaffected by NBQX'. We hypoth-
esize that this toxicity is produced by a mechanism similar to that which has been
suggested for malonate, i.e., “weak” or “secondary” excitotoxicity. Under conditions
of metabolic inhibition, neuronal ATP levels may be insufficient to adequately acti-
vate the Na-K ATPase. Reduced activity of this membrane ion pump results in slow
depolarization of the neuronal plasma membrane. This depolarization is very impor-
tant in light of the voltage-dependent properties of the NMDA receptor?’. At resting
membrane potential, extracellular magnesium prevents ion flux through the NMDA
receptor ion channel, even when agonist is present in sufficient concentrations to
activate the receptor. However, when a neuron becomes depolarized, the magnesium
blockade is relieved and ions can flow through the channel, causing excitotoxic dam-
age. In this way, low-grade metabolic inhibition by malonate may ease the magne-
sium block of the NMDA receptor ion channel, facilitating receptor activation at low
concentrations of NMDA and leading to excitotoxic neuronal death. In addition, meta-
bolic impairment may also make it more difficult for neurons to handle the normally
innocuous calcium influx associated with low grade NMDA receptor activation. Fur-
thermore, under conditions of more pronounced metabolic stress, e.g. higher doses of
malonate, Na-K ATPase activity is further compromised, thereby depolarizing the
neuronal membrane to a greater extent. This may more completely relieve the magne-
sium blockade of the NMDA receptor and allow endogenous levels of glutamate to
activate the NMDA receptor sufficiently to cause excitotoxic neuronal death.

There is substantial evidence to support the assertion that metabolic stress pro-
duces brain damage that is mediated by the NMDA receptor. In cultured cerebellar
granule cells, inhibition of metabolism by cyanide increases susceptibility to glutamate
toxicity, and this toxicity is prevented by NMDA antagonists®. In chick retina,
hypoglycemia and sodium cyanide produce NMDA receptor-mediated “excitotoxic”
lesions with no detectable increase in extracellular glutamate®; these lesions are mim-
icked by potassium-induced membrane depolarization®. In vivo, the toxicity of NMDA
is greatly enhanced by inhibition of SDH by the suicide inhibitor 3-nitropropionic
acid™. In addition, a variety of metabolic inhibitors including aminooxyacetic acid?,
MPP* %%, and manganese® all produce toxicity that is NMDA receptor-mediated.
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Furthermore, NMDA antagonists have been shown to prevent, to a variable degree,
neurotoxicity produced in models of hypoxia/ischemia'>2%,

Co-injection of subtoxic doses of malonate and AMPA produced a large lesion
that was not affected by MK-801, but completely attenuated by NBQX?". This result
demonstrates that although the toxicity of malonate alone is predominantly NMDA
receptor-mediated, malonate inhibition of metabolism can greatly exacerbate the dam-
age caused by AMPA receptor activation. It is possible that malonate inhibition of
SDH causes increased AMPA receptor activation, perhaps by impairing receptor de-
sensitization. It is also possible that malonate exacerbates AMPA toxicity by another
mechanism, perhaps by disruption of neuronal ion homeostasis and exchange. This
interpretation also has implications for the toxicity of malonate alone. Tt is possible
that the most important effect of metabolic inhibition by malonate is not neuronal
depolarization, but a failure of neuronal repolarization, as suggested by Riepe et al.”.
In other words, malonate may not increase glutamate receptor activation per se, but it
may make a neuron unable to cope with the ionic disturbances that accompany nor-
mal glutamate receptor activation, so that although the amount of depolarization caused
by glutamate agonists (including endogenous glutamate) is not enhanced, the repolar-
ization from agonist stimulation is significantly impaired. In this situation, neuronal
death may result from accumulation of neuronal calcium caused by Na*/Ca?* exchange
and other ionic mechanisms. This mechanism may apply not only to situations in-
volving AMPA receptor activation, but also those involving NMDA receptor activa-
tion. It is also conceivable that a combination of increased glutamate receptor activa-
tion and impaired neuronal ion exchange is responsible for the toxicity caused by
malonate and other metabolic insults.

Malonate exacerbated glutamate toxicity in a manner that was partially attenu-
ated by MK-801, but was insensitive to NBQX. Unexpectedly, the combination of
MK-801 and NBQX was no more effective than MK-801 alone against malonate +
glutamate toxicity (Fig. 3)"’. These results suggest that in a situation similar to hy-
poxia/ischemia (metabolic inhibition and high extracellular glutamate concentrations)
neurotoxicity is mediated partly by the NMDA receptor, but also by mechanisms
apparently unrelated to ionotropic glutamate receptors. The mechanism of the NMDA
receptor-mediated portion of the toxicity is likely to be similar to that of malonate
alone and malonate + NMDA. Possible explanations for the portion of toxicity not
mediated by ionotropic receptors are currently speculative. Metabotropic glutamate
receptors may play a role, but the current lack of potent, specific metabotropic an-
tagonists make this hypothesis difficult to test. Other possibilities may include inhibi-
tion of cystine uptake by excess glutamate®* or activation of voltage-dependent so-
dium channels’®. In light of the fact that this toxicity may play a large role in the
neurodegeneration associated with hypoxia/ischemia, it deserves serious experimen-
tal consideration.

We have also performed experiments to assess malonate toxicity in the hippo-
campus, a brain region exquisitely sensitive to hypoxic/ischemic damage. Hippo-
campal injection of malonate produces selective toxicity (Fig. 4a). Neurons of the
CAL region are almost completely destroyed, but the dentate gyrus is not affected.
Further experiments using specific injection sites indicate that the regional suscepti-
bility profile of malonate toxicity is CA1 > CA3 >> dentate gyrus; the toxicity is
prevented by MK-801 (Greenamyre ef al., unpublished results). Interestingly, this
regional profile is nearly identical to that seen in hypoxia/ischemia®, and it correlates
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Figure 3  Striatal lesion volume following injection of malonate (Mal) alone, glutamate (Glut) alone,
Mal + Glut, Mal + Glut with MK-801 treatment, Mal + Glut + NBQX, or Mal + Glut + NBQX with MK-
801 treatment. Each bar represents mean + SEM of 5-21 animals. Note the synergistic toxicity of Mal +
Glut and the large, but incomplete, neuroprotective effect of MK-801. The (*) denotes significant difference
from Mal + Glut (p < 0.01, ANOVA and two-tailed Dunnett procedure). Reproduced with permission Jfrom
the Journal of Neurochemistry.

Figure 4 (A) Digitized representative Nissl-stained section of hippocampus following injection of 1
umol malonate. Arrow indicates the needle track. Note the selective neurotoxicity in CA1. (B) Digitized
section of uninjected hippocampus stained for SDH activity. Note the relatively higher SDH activity in the
dentate gyrus than CA3, and the low activity in CA1.




16 GREENE

inversely with regional SDH activity, which is highest in dentate, intermediate in
CA3, and low in CAl (Fig. 4b). These results suggest that regional sensitivity to
hypoxic/ischemic damage in the hippocampus may be dependent on local metabolic
capacity and not on NMDA receptor density, which is similar in both CA1 and den-
tate gyrus's?.

In summary, malonate lesions are morphologically and neurochemically similar
to those produced by hypoxia/ischemia. As such, malonate injection provides a simple,
reproducible model of chemically-induced hypoxia that may be useful in defining
both the pathogenesis and therapy of hypoxia and ischemia. Thus far, study of malonate
neurotoxicity implicates the NMDA receptor as a key mediator of hypoxic/ischemic
neurodegeneration.
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CHAPTER 3
ADAPTATION OF THE BRAIN
TO PROLONGED HYPOBARIC

HYPOXIA: ALTERATIONS IN
THE MICROCIRCULATION
AND IN GLUCOSE
METABOLISM

Sami I. Harik and Joseph C. LaManna

Department of Neurology, University of Arkansas College of Medicine,
Little Rock, AR; and Departments of Neurology and Anatomy, Case
Western Reserve University School of Medicine, Cleveland, OH

Introduction

Oxygen delivery to the adult mammalian brain is under precise and dynamic con-
trol so that the brain is usually exposed to the minimal necessary amount of oxygen.
Thus, oxygen may be considered a “necessary evil” whose excess is toxic but whose
deficiency has disastrous consequences. Regional brain tissue oxygen tension is not
homogeneous; the frequency distribution of local brain oxygen tension is weighted
toward lower values, with a mean value that is lower than systemic venous oxygen
tension®2. In brief and mild hypoxia, regional brain oxygen tension can be maintained
by increasing cerebral blood flow'?, which is associated with decreased (faster) capil-
lary mean transit time, increased red cell velocity, and possible capillary recruitment.
However, in prolonged hypoxia, several other adaptive changes in systemic physiol-
ogy and tissue metabolism occur®822. Although these adaptive mechanisms differ by
species, the rat’s response is similar to man’s, and therefore studies of chronic hy-
poxia in the rat are clinically relevant®. Chief among the adaptations (or maladapta-
tions) to prolonged hypoxia are the increased hematocrit and the changes in ventila-
tion and arterial blood gases which increase the oxygen-carrying capacity of the blood.
LaManna et al. measured the hematocrit, arterial blood gases and cerebral blood flow
in rats exposed to hypobaric hypoxia at 0.5 atmosphere (atm) for three weeks and
reported that the oxygen delivery to the brain of hypoxic rats was similar to that of
controls®. However, tissue oxygen tension in hypoxia remains limited because of the
decreased capillary PO, which is the driving pressure for oxygen diffusion in tissue.
It is presumably for this reason that the brain’s vascularity increases in prolonged
hypoxia, yielding shorter intercapillary distances, and improved brain oxygenation.
The increased brain vascularity in experimental animals subjected to chronic hypoxia
has been repeatedly documented®0122025:2%,
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In this review, we summarize recent pertinent results from our laboratories con-
cerning the alterations in the cerebral microvasculature that take place in adult rats
subjected to hypobaric hypoxia. Because brain capillaries have an abundance of the
glucose transporter (GLUT-1)°, and because the brain relies almost entirely on glu-
cose for its oxidative metabolism, we shall also address the effects of the increased
brain vascularity on the blood-to-brain glucose transport and brain glucose metabo-
lism. In all experiments we induced hypoxia in adult male Wistar rats (3-6 months of
age) by placing them in chambers maintained at 0.5 atm for the indicated times, ex-
cept for one hour per day when the pressure was returned over 10 minutes to atmo-
spheric for cage cleaning and for water and food replenishment®. Experimental hy-
poxic rats were always compared to normoxic littermates that were kept outside the
hypobaric chamber, but which were otherwise treated in a similar manner.

Architectural Alteration in Cerebral Microvessels After Hypobaric Hypoxia

The hypoxia-induced increased brain vascularity can theoretically be caused by
one of three factors: tissue shrinkage, capillary hyperplasia, or capillary hypertrophy.
Tissue shrinkage, which is a prominent factor in hypoxic skeletal muscles® and in
severe brain hypoxia®, is not an appreciable factor in the mild to moderate hypoxia
model that was used here, where total brain weight was decreased by 6% after three
weeks of hypobaric hypoxia'2.

It is generally accepted that the brain endothelium is a stable tissue with rare
mitoses. Brain capillary growth has been most elaborately studied during develop-
ment' and is believed to rely on two mechanisms: branching or sprouting, and elonga-
tion or nonsprouting. Branching is believed to result primarily from mitotic multipli-
cation and longitudinal separation of post-mitotic endothelial cells into sprouts, i.e.,
hyperplasia. On the other hand, nonsprouting elongation is thought to depend on flat-
tening and hypertrophy of the capillary endothelial cells. Little is known about the
mechanisms that underlie the increased brain vascularity of the adult brain in pro-
longed hypoxia. Specifically, it is not known whether this hypoxia-induced increased
vascularity is associated with increased capillary density due to sprouting and branch-
ing, or with lengthening of capillary segments and increased tortuosity and loop for-
mation. Previous investigations of brain vascularity in hypoxia employed two-di-
mensional measurements®'>12202528 Because brain capillaries are not always parallel,
and can be quite tortuous!?, estimates of capillary length and geometry in three-
dimensional studies are preferable. Mironov et al.? investigated the three-dimen-
sional geometry of the microvascular network in the cerebral cortex of rats exposed
to hypobaric hypoxia for three weeks using vascular corrosion casts, a method which
was previously applied successfully to studies of brain microvascular architecture in
other experimental paradigms’?!. Sections of the casts were studied qualitatively by
scanning electronmicroscopy for inspection of the gross density of vessels in various
layers of the cerebral cortex, and for changes in the pattern of tortuosity and geo-
metrical organization, and for evidence of sprouting (Fig. 1). The sections were also
used to quantitate capillary segment length, i.e. the distance between two capillary
branching points, in the same cortical regions. Qualitative inspection in control rats
showed the typical cerebral capillary network, with a low vascular density in layers
one and two, increasing vascularity in the inner part of layer three and in layers four
and five, and decreased vascularity in layer six and in the underlying white matter. In
hypoxic rats, the vascular pattern was similar to that of normoxic rats except that
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Figure 1 A:low magnification photograph of a coronal section of the vascular cast of a control rat brain
about 10 mm anterior to the interaural plane. B: medium magnification photograph of that region of the
parietal cortex that is boxed in A. The pial surface is at the top and the cortical layers are identified on the
right. The horizontal white lines delineate the superficial (cortical layers 1, 2 and part of 3) and the deep
regions of the parietal cerebral cortex that were quantitatively analyzed. Bar = 100 um. Taken from ref. 26.

there was increased vascular density, tortuosity and loop-like formation, which was
most evident in the deeper part of the cerebral cortex (Fig. 2). There were no capillary
sprouts observed in normoxic or hypoxic rats.

The mean capillary segment length was calculated for the superficial and deep
layers of the parietal cortex. There was a significant increase in the mean capillary
segment length in the deep parietal cortex of hypoxic rats compared to that of normoxic
rats. However, significant differences in capillary segment length were not observed
between the superficial regions of hypoxic and control rats, nor between the deep and
superficial cortex of control rats®. The difference in capillary segment lengths in the
deep parietal cortex of normoxic and hypoxic rats was further characterized by com-
paring the frequency distribution of the capillary segment lengths (Fig. 3). In hy-
poxia, the peak frequency was increased from 37.1 1.7 pum to 52.3 £ 1.9 um (mean
+ SD). If sprouting were the only mechanism for the increased vascularity of the
hypoxic cerebral cortex, then a smaller capillary segment length would be predicted.
However, the opposite findings suggest capillary elongation and hypertrophy. The
qualitative impression of the increased cerebral vascularity in hypoxic rats, particu-
larly in the deeper layers of the cortex (Fig. 2) is consistent with prior reports based
on two-dimensional studies of brain sections®.

The failure to observe definite morphological evidence of budding capillaries with
cone formation may be related to the time at which the vascular casts were performed.
It is possible that by three weeks of hypoxia, the budding process was already com-



BRAIN ADAPTATION TO PROLONGED HYPOXIA 21

Figure 2 Medium (A and B) and higher (C and D) magnification photographs of vascular casts of the
parietal cerebral cortex from a control (A and C) and a hypoxic (B and D) rat. A and B include ali cortical
layers with the pial surface on top and have the same magnification (bar = 100 pm). Note the increased
vascular density in hypoxia. Taken from ref. 26.

plete. Also, capillary buds may be hard to demonstrate by the corrosive cast tech-
nique, particularly if the process of lumen formation is quick. One cannot detect sprouts
without lumen, and canalized sprouts cannot be identified if they had already con-
nected to another vessel. For this reason, morphological studies using endothelial
markers may shed new light on the mechanisms that underlie the hypoxia-induced
alterations in the brain vasculature.
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Figure 3 Frequency distribution of capillary segment lengths in the deep region of the parietal cortex of
a normoxic (A) and in a hypoxic (B) rat. The counts in the ordinates indicate the number of segments that
were counted. The distribution curves (C, filled circles for normoxia and open circles for hypoxia), were
fitted to a log-normal equation (r* = 0.95 for each) and the peak distributions were significantly different at
P <0.05. Taken from ref. 26.
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Effect of Hypobaric Hypoxia on the Protein and DNA Content of Cerebral
Microvessels

Harik et al.”® studied the relative contributions of microvascular hypertrophy and
hyperplasia to the increased brain vascularity in rats exposed for one, two or three
weeks to hypobaric hypoxia. At the end of hypoxic exposure, the rats were decapi-
tated and their cerebral cortical mantles dissected free of meninges, weighed and the
microvessels were harvested from the cerebral cortical mantles pooled from 3-6 rats.
Cerebral microvessels were obtained by bulk isolation'>'®, The isolated cerebral
microvessels from normoxic and hypoxic rats were washed and then homogenized in
distilled water. Aliquots of the homogenates were assayed for protein and DNA. Ce-
rebral microvessel yield was expressed in mg of microvessel protein per g wet weight
of cerebral cortex. Cerebral microvessel DNA yield was expressed in lLg of microvessel
DNA per g wet weight of cerebral cortex. Cerebral microvessel cell size index was
calculated as the ratio of microvessel protein to microvessel DNA (mg/mg).

Isolated cerebral microvessels from control and hypoxic rats appeared similar by
interference contrast microscopy. Consistent with previous descriptions, the vast
majority of the isolated microvessels were less than 10 um in diameter, and it was
estimated that the microvessels with smooth muscle in their walls (arterioles and
venules) constituted less than 15% of the microvessel preparations. Even in this mi-
nority of vessels, those with more than one layer of smooth muscle in their walls were
rarely encountered. Thus, we believe that the endothelial cells and pericytes consti-
tute the majority of our microvessel preparation, with only minor contribution from
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Figure4 Effects of hypoxia on cerebral microvessel protein yield. Cerebral microvessel protein yield in
normoxic (open dots) and hypoxic (closed dots) rats as a function of the experimental duration. The data
represent means * SE of five experimental observations at weeks one and two, and four observations at
week three. Analysis of variance showed an effect of hypoxia (P<0.001) but no effect of duration (P=0.888).
There was also no difference in the hypoxia effect at different weeks (P=0.866). Taken from ref. 13.
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smooth muscle cells. These findings are consistent with the qualitative observations
that the yield of the microvessel pellets obtained from the cortical mantles of hypoxic
rats was noticeably larger than that from normoxic rats'.

The quantitative results showed that cerebral microvessel protein yield in control
rats was about 0.31 mg of microvessel protein per g cerebral cortex at all the time
periods that were studied (Fig. 4). Assuming no appreciable microvessel loss in the
isolation procedure, and that protein constitutes about 10% of the wet weight of the
tissue?, this result means that microvessels account for at least 0.3% of the wet weight
of the cerebral cortex. The cerebral microvessel protein yield increased to 0.45 mg of
microvessel protein per g cerebral cortex at one week of hypoxia (about a 45% in-
crease), and did not increase further with longer hypoxic periods (Fig. 4).

Cerebral microvessel DNA yield in normoxic rats was about 35 pg of microvessel
DNA per g cortex. There were no significant differences among the three time points
in normoxic rats (Fig. 5). Assuming that rat diploid cells, like human cells, contain 7
pg of DNA per cell, this finding translates to about 5 million microvascular cells per
g cerebral cortex. Despite the rise in cerebral microvessel protein yield at one week of
hypoxia, there was no increase in cerebral microvessel DNA yield, indicating lack of
mitosis in cerebral microvessels at that time period. However, there were significant
increases in the yield of cerebral microvessel DNA over normoxic controls by two
and three weeks of hypoxia (Fig. 5). The calculated results for the microvascular cell

o] 80

lg

>-

< 60 [ . I

Z’,? *"I —————————— 1l

og -7

- G » ’,’ T

Q 40 -

@ o 3 1

N o 1

03

3 20 |

-

Ig

E o - 1 1 |
1 2 3

Duration (weeks)

Figure 5 Effects of hypoxia on cerebral microvessel DNA yield. Cerebral microvessel DNA yield in
normoxic (open dots) and hypoxic (closed dots) rats as a function of the experimental duration. The data
represent means + SE of five observations at weeks one and two, and four observations at week three.
Analysis of variance showed no significant differences among normoxic rats at the three time points, but
there were significant differences among the hypoxic groups: weeks two and three were not different from
one another (P=0.331), but both were greater than week one (P<0.001). Consequently, the hypoxia effect
was significant at weeks two and three but not at week one. Taken from ref. 13.
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size index are depicted in Figure 6. The microvessel cell size index increased from
8.8 to 13.9 at one week of hypoxia, but then decreased to normoxic values at two
weeks of hypoxia and continued to decrease to a mean significantly below normoxia
by three weeks of hypoxia.

These findings confirm prior impressions that hypoxia increases the brain vascu-
larity. Cerebral microvessel protein yield increased within one week of hypoxia but
did not increase further with prolonged hypoxia. In contrast, cerebral DNA yield did
not change by one week of hypoxia indicating that the increased brain vascularity at
one week was due to microvascular hypertrophy. With continued hypoxia, there was
a significant increase in cerebral microvessel DNA yield which eventually exceeded
the increased protein yield, implying hyperplasia as the later mechanism underlying
the increased vascularity of the brain in persistent hypoxia. It was noted that the iso-
lated microvessel preparation consists mostly of endothelial cells and pericytes with
a minority of smooth muscles, and it was presumed that the reported hyperplasia was
caused by mitosis primarily in the endothelium given the suspected anti-proliferative
role of pericytes'. The ratio of endothelial cells to pericytes in brain capillaries in
hypoxia remains to be investigated.

Hypoxia-induced changes in brain vascularity demonstrate the capacity for struc-
tural plasticity in the adult rat brain. These changes are probably one aspect of the
general phenomenon whereby capillary density is matched to the energy require-
ments of the brain. It is known that regional brain capillary density is proportional to
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Figure 6 Effects of hypoxia on cerebral microvessel cell size. Cerebral microvessel cell size index in
normoxic (open dots) and hypoxic (closed dots) rats as a function of the experimental duration. The data
represent means + SE of five observations at weeks one and two and four observations at week three.
Analysis of variance showed no significant differences among normoxic rats at the three time points, but
there were significant differences among the hypoxic groups: week one differs from weeks two and three.
There were no differences between weeks two and three. The hypoxia effect was significantly positive at
week one (P<0.001), not significant at week two (P=0.607), and significantly negative at week three (P<0.05).
Taken from ref. 13.
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regional metabolic rate*!”. It was also shown in adult rats that when the pattern of
regional neuronal activity was altered by environmental enrichment® or by forced
exercise and motor task learning'é, then brain capillary density was altered to reflect
the new regional pattern of brain activity.

Hypobaric Hypoxia Increases Glucose Transport at The Blood-Brain Barrier

Brain capillaries are known to have an unusually high density of the glucose trans-
porter protein (GLUT-1) in their plasma membranes®. This is understandable since
brain capillaries, which constitute less than 1% of the wet weight of brain, have to
transport glucose for the overwhelming mass of surrounding neurons and glia. Be-
cause oxygen, but not glucose is limited in hypobaric hypoxia, we initially suspected
that newly formed brain capillaries in hypobaric hypoxia would have a lower GLUT-
1 density in their plasma membranes to avoid a mismatch between oxygen and glu-
cose delivery.

To address this question, Harik er al. quantitated GLUT-1 in isolated cerebral
microvessels pooled from rats that were subjected to hypobaric hypoxia for one or
three weeks, and in their littermate controls'?. The isolated cerebral microvessels were
assayed for their D-glucose-displaceable [*H]cytochalasin B (CB) binding. Also, spe-
cific CB binding was performed on particulate fractions of samples of the cerebral
cortex of these rats. Specific CB binding was determined at several concentrations of
the ligand, and the maximal binding (Bmax) and the dissociation constant (Kd) were
determined. Given that GLUT-1 is the predominant form of GLUT in cerebral
microvessels, the Bmax of CB in isolated cerebral microvessels is believed to portray
the density of GLUT-1 in this tissue. Specific CB binding to cerebral microvessels
was saturable!”. Scatchard analyses®' of the results from hypoxic and control rats yielded
linear plots, indicating a single class of binding sites. The Bmax was significantly
increased by about 25% at both one and three weeks of hypoxia, but the dissociation
constant values were not altered (Table 1). CB binding to particulate fractions of the
cerebral cortex was not affected by hypoxia'2.

Because CB binding sites are several-fold higher in brain microvessels than in
brain tissue, the purity of brain microvessels from hypoxic and control rats was as-
sessed by assaying their y-glutamyl transpeptidase activities in addition to micro-
scopic inspection. Microscopic evaluation of isolated microvessels showed no sig-
nificant differences between those obtained from hypoxic and normoxic rats. How-
ever, Y-glutamyl transpeptidase activity, which is known to be 20- to 30-fold higher in
cerebral microvessels than in the cerebral cortex from which the microvessels were
obtained?, was significantly decreased in cerebral microvessels after one and three
weeks of hypobaric hypoxia (Table 1). These results suggest either that y-glutamyl
transpeptidase activity in isolated cerebral microvessels is decreased in hypoxia, or
that brain microvessel preparations from hypoxic rats are less pure. The latter possi-
bility should have resulted in lower, rather than higher, CB binding to hypoxic brain
microvessels'?.

To determine whether the combination of increased vascularity of the brain and
the increased density of GLUT-1 in cerebral microvessels of rats subjected to hypobaric
hypoxia is associated with increased blood-to-brain glucose transport, Harik et al.
measured the brain influx of glucose in vivo in rats subjected to three weeks of the
same hypobaric insult, and in control rats'?>. Regional blood-to-brain D-glucose trans-
port and blood flow were determined in some rats, and the regional L-glucose space
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Table 1. Effect of hypobaric hypoxia on CB binding
and GGT activity in isolated brain microvessels

CB Binding
Bmax K, GGT Activity
pmol/mg protein uM yumol.mg protein.h’!

1 Week hypoxia

Control 56.716.6 0.2740.11 11.92+1.70

Hypoxia 69.218.8 0.260.13 9.79+1.47

P value <0.005 NS <0.005
3 Weeks hypoxia

Control 54.7+154 0.2240.14 11.60+2.0

Hypoxia 70.6£16.5 0.21£0.09 8.6911.0

P value <0.001 NS <0.001

Values are means + SD; n = 4 and 7 paired experimental observations at 1 and 3 wks of hy-
poxia, respectively. CB, cytochalasin B; GGT, y-glutamyltranspeptidase; Bmax, maximal bind-
ing; K, dissociation constant. Significant differences were calculated by paired Student’s t-test
(2-tailed). Taken from ref. 12.

and blood flow were determined in other rats by the double-labeled single-pass indi-
cator-fractionation atrial bolus injection method'?. The data allowed measurements of
regional cerebral blood flow, the volume of distribution of L-glucose, and the extrac-
tion fraction of D-glucose. The data also allowed calculation of unidirectional blood-
to-brain glucose influx and the maximal blood-to-brain glucose transport capacity
values.

Cerebral blood flow was slightly higher in hypoxic rats, but the difference did not
reach significance in any of the brain regions, which is compatible with the results of
LaManna et al.?%. Also, there were no significant alterations in regional brain L-glu-
cose space in hypoxic rats'?, which is consistent with the reported lack of alteration in
regional brain sucrose space in hypoxia®. The extraction fraction values of D-glucose
were increased by about three-fold in hypoxic rats (Table 2). The unidirectional blood-

Table 2. Effect of hypobaric hypoxia on brain D-glucose uptake

Brain Region Extraction Fraction Glucose Influx, Tmax,
pwmol.100g . min"! pmol.100g".min!

Control Hypoxia Control Hypoxia Control Hypoxia
Frontal cortex 0.25+0.08 0.72+0.27* 212+86 382+ 118 287104 522+ 147*
Parietal cortex 0.24+0.08 0.65+0.25% 221184  407+127* 307+118 569+ 174*
Hippocampus 0.28+0.10 0.76+0.34* 173 +68 294 + 83* 208 =82 354 + 93*
Striatum 027+0.10 0.75%0.27* 20494 290+ 123 222+102 316+132
Cerebellum 032+0.12 073+034* 214+98 300+ 135 276 £126 391+ 169

Values are means + SD; n = 4 control and 6 hypoxic rats. Hypoxic rats were kept in hypobaric chamber for
3 wks. Tmax, maximal blood-to-brain transport capacity. *Significant difference between 2 groups by 2-
sample Student’s t-test (2-tailed) at P <0.05. Taken from ref. 12.
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to-brain glucose influx was doubled in hypoxic rats (Table 2). That the increased
brain glucose influx in hypoxia was not commensurate with the increased extraction
fraction despite the similar regional blood flow and the similar L-glucose space in
both groups is probably a reflection of the markedly decreased blood plasma fraction
which is a consequence of the increased hematocrit and the decreased blood plasma
fraction in hypoxic rats. The calculated maximal transport capacity was significantly
increased in hypoxic rats'®

Thus, hypoxia not only increases the density of GLUT-1 in isolated cerebral
microvessels, but it also induces a major increase in the blood-to-brain glucose trans-
port. The increased GLUT-1 density in isolated cerebral microvessels from rats sub-
jected to hypoxia is compatible with the observation that hypoxia increases the ex-
pression of GLUT-1 mRNA and protein in cultured bovine aortic endothelial cells in
vitro®, and with the report that hypobaric hypoxia increased the levels of GLUT-1
mRNA and protein but decreases the levels of GLUT-4 mRNA and protein in the rat
heart®. However, it should be cautioned that the increased density of GLUT-1 is not
necessarily synonymous with increased glucose transport. GLUT-1 density is a static
value, whereas glucose transport is a dynamic rate. Nonetheless, Harik ef al. directly
demonstrated an increased blood-to-brain glucose transport in vivo commensurate
with the increased CB binding in hypoxic brain microvessels and with the increased
microvessels density in hypoxic brains!?. Thus, in the cerebral cortex where the cap-
illary density increased by about 60%?° and GLUT-1 density increased by 30%"2, they
measured an 80% increase in glucose influx (Table 2). Therefore adaptation to hy-
poxia in the rat results in near doubling of the blood-to-brain glucose transport as a
result of both the increased brain vascularity and the increased GLUT-1 density per
mg of microvessel protein.

Harik et al. hypothesized that the higher GLUT-1 density in brain microvessels of
rats subjected to prolonged hypobaric hypoxia occurred in response to the decreased
brain plasma flow rate'2. In hypoxic adapted rats, oxygen delivery is maintained or
slightly elevated mainly because of the increased hematocrit, whereas brain blood
flow values return to normal®. This means that the brain plasma flow rate is de-
creased by about 50%. Because in the rat, glucose is available only from the plasma,
the glucose extraction fraction would have to double just to maintain a constant brain
glucose influx. A higher brain glucose influx might be designed to bring more glu-
cose into the brain even in the absence of appropriate amounts of oxygen for possible
increased glycolytic metabolism.

Effects of Hypobaric Hypoxia on Brain Glucose Metabolism

Acute mild hypoxia causes increased brain glucose consumption**. To determine
whether prolonged hypobaric hypoxia is associated with altered brain glucose me-
tabolism, Harik et al. measured regional brain concentrations of glucose, glycogen,
lactate, adenosine triphosphate (ATP), phosphocreatine (PC), regional intracellular
pH, and regional cerebral metabolic rate for glucose (CMRglc) in rats subjected to
three weeks of hypobaric hypoxia'™. For the study of brain metabolites and pH, the
hypoxic and normoxic rats underwent in situ brain freezing. CMRglc was determined
by the 2-deoxyglucose autoradiographic method. Results obtained from whole sec-
tions of the forebrain indicate a significant increase in brain glucose and lactate levels
and a significant decrease in brain glycogen levels but without a significant change in
brain ATP or PC levels. Also, there was no difference in brain intracellular pH be-
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tween hypoxic and normoxic rats. Thus, the increased glucose transporter at the blood-
brain barrier and the increased blood-to-brain glucose transport result in higher brain
glucose concentrations. The lack of discrepancy between hypoxic and normoxic brains
in their ATP and PC levels further indicates that at this level of hypoxia, there is
adequate compensation for the oxygen deficiency. The similar regional brain intra-
cellular pH in hypoxia and normoxia is another indication of the compensation which
prevents tissue acidosis in the face of higher lactate concentrations in the brains of
hypoxic rats. Harik ez al. speculated that the increased brain lactate levels in hypoxia
are useful for maintaining brain pH in the presence of low brain tissue CO, tension,
thereby avoiding the necessity to export brain bicarbonate'*. The concomitant finding
of decreased brain glycogen and increased brain lactate suggests increased glycolysis
in the hypoxic brain.

The more important finding however is the increased CMRglc in hypoxic rats. It
is suggested that the increased CMRglc in hypoxia, combined with the low brain
plasma flow in hypoxic rats and the fact that rat erythrocytes do not carry glucose, are
logical explanations for the increased glucose transport at the blood-brain barrier'.
The exact mechanism of how the higher CMRgle in prolonged hypoxia causes up-
regulation of glucose transport at the blood-brain barrier remains unknown. Near dou-
bling of cerebral lactate and the decreased glycogen levels are highly suggestive of
increased glycolysis in hypoxia, which of course is detected by the 2-deoxyglucose
method.

This increased CMRglc is probably another compensatory mechanism that un-
derlies adaptation to prolonged hypoxia which we now document in the brain and
which was previously suspected in the heart'®. Perhaps this is the reason why a carbo-
hydrate diet is believed to be beneficial for subjects exposed to high altitude’.
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CHAPTER 4
HEMOGLOBIN ADAPTATIONS
TO HYPOXIA AND ALTITUDE—

THE PHYLOGENETIC
PERSPECTIVE

Roy E. Weber
Department of Zoophysiology, Institute of Biological Sciences,
University of Aarhus, Building 131,
Universitetsparken, DK-8000 Aarhus C., Denmark

Introduction

Some species of endothermic vertebrates exhibit exceptional tolerance to altitudi-
nal hypoxia. Generally, however, birds are more tolerant than mammals as judged
from the altitudes tolerated and number of species that live and breed at high altitude’.
The bar-headed goose that breeds in south-central Asia and overwinters on the Indian
subcontinent tops Mt Everest at approximately 9 km height® and Ruppel’s griffon
soars over Western Africa at 11.3 km®, where the ambient O, tension (36 torr) is less
than a quarter of that at sea level. The problem of securing adequate uptake and inter-
nal transport of O, is compounded by a sharp increase in tissue energy demand during
flight (a 15 fold increase compared to resting values at sea level)’.

Maintenance of tissue O, supply under extreme conditions depends on a sym-
phony of organismic, cellular and molecular adaptations. Compared to the sac-like
alveolar lung of tetrapod vertebrates, the unique functional anatomy of the avian lung
correlates with greater gas exchange efficiency as is evident from high ventilatory
minute volumes and arterial PO, values that may exceed those in expired air. The
adaptations evident at the organismic and cellular levels of biological organization
have been subject to recent review in the physiological literature?' .,

This treatise is centered on phylogenetic adaptations manifested in hemoglobins
(Hbs) from adult birds and mammals that experience pronounced ambient hypoxia
and Hbs from fetal and embryonic stages of mammals that lack direct access to atmo-
spheric air and exploit homologous molecular strategies. Focusing on the bar-headed
goose it illustrates how adaptations involving single amino acid substitutions in the
Hb molecule may play a governing role in determing tolerance to extreme altitudes.

A: Molecular Basis for Functional Adaptations

Vertebrate Hb molecules are tetrameric each binding four O, molecules. Adult
Hbs (o,B,) consist of two o and two B protein chains (Fig. 1) that in humans are
composed of 141 and 146 amino acid residues, respectively. Before birth some mam-
mals have fetal Hb (HbF that has vy instead of P chains) and in earlier developmental
stages all mammals appear to express embryonic Hbs that contain embryonic o or -
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Figure 1 A, Diagram of the oxygenation reaction of Hb illustrating breakage of salt bridges and the shift
from the T(ense) to the R(elaxed) states with liberation of protons, organic phosphates (like DPG), indicated
by solid bar, chloride ions and heat. B, O, equilibria curves showing decreased O, affinity (increased half-
saturation O, tension, P, ) with increases in temperature and phosphate, chloride and proton concentrations.
C, Hill plots showing a decreased O, affinity of the T-state induced by these effectors.

type chains (Fig. 4). The chains are composed of helical segments joined by non-
helical ‘corners’. In the deoxygenated state the subunits are braced in a T(ense) con-
formation by salt bridges that are broken upon oxygenation allowing transition to the
(R)elaxed conformational state (Fig. 1). Effectors modulate O, affinity by strengthen-
ing or weakening the R or T states. Thus the Bohr effect (decreased O, affinity when
pH falls, which liberates O, in the relatively acid tissues) results from proton and CO,
binding that reduces O, affinity by strengthening the T state (Fig. 1). Organic phos-
phates, like 2,3-diphosphoglycerate (DPG) found in mammalian and inositol
pentaphosphate (IPP) found in avian red cells, and chloride ions decrease O, affinity
by homologous interaction®”*!. Cooperativity between the hemes [that is reflected by
the slopes of Hill plots (Fig. 1C)] increases the capacitance of blood (O, released for
a given fall in PO,) and results from concerted transitions between the T and R states.

All subunits display sequence homology that reflects gene duplication during
phylogeny. Molecular adaptations involve mutations at only a few amino acid resi-
dues at key positions in the protein moiety. Accordingly most substitutions observed
in Hbs of different species are conservative replacements (of internal non-polar resi-
dues and external polar and nonpolar ones) that have little effect on functional prop-
erties?.

The oxygenation properties of blood depend on (a) the intrinsic O, binding prop-
erties of the Hb (when ‘stripped’ of cofactors) and the sensitivity to heterotropic ef-
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fectors, which are dependent on molecular structure, and (b) the operating conditions
in the red cells (e.g. the concentrations of free effector molecules). Whereas interspe-
cific adaptations (that have become encoded in the genes through species differentia-
tion) commonly involve differences in molecular structure of the Hb, intraspecific
adaptations (short-term changes occuring within individual animals) commonly in-
volve changes in cofactor concentration. Potentially O, transport may be augmented
by either an increased O, affinity that raises pulmonary loading or a decreased affin-
ity that increases perlpheral unloading. Which of these alternatives is applicable de-
pends on the factual arterial and venous iz vivo O, tensions and pH conditions and the
arterio-venous O, content difference.

As molecular adaptations commonly involve changes in effector binding, the few
sites directly implicated need to be reviewed. In human HbA, DPG binds electrostati-
cally at 7 positively charged B chain residues, viz., at the N-terminal valine residues
(B1-Val), B2-His and B143-His of both B chains, and at §82-Lys of one chain. The
Bohr protons bind predominantly at the N-terminal residues of the o chains and the
C-termini of the B chains (0t1-Val and B146-His) and chloride ions at ou1-Val (which
interacts with ct131-Ser) and at B82-Lys (which interacts with 31-Val) (Fig. 3). In
bird Hbs, IPP appears to bind at the same sites as does DPG in humans, as well as at
B135-Arg and B139-His”*!. CO, binds at the free N-terminal amino groups of o and
B chains.

B: Allosteric Effectors
Within the framework set by molecular structure, allosteric interactions (e.g. with
erythrocytic organic phophates) determine the in vivo oxygenation properties of blood.

1. Altitudinal Hypoxia

As illustrated in humans?' (Fig. 2), the main adaptive changes in mammals ex-
posed to altitudinal hypoxia ensue from changes in red cell DPG and pH levels, with
smaller contributions from alterations in red cell volume and the concentrations of
ATP and CI-, and of free Mg?* ions that complex with organic phosphates. At moder-
ate altitudes (where O, loading is not seriously biased) DPG levels increase, which
shifts the blood O, equ1l1br1um curve to the right and increases O, unloading. This
response, which is mamfested within a few hours, appears to be mediated mainly by
hyperventilation-induced pH increase that affects enzymes implicated in regulating
DPG levels. At higher altitudes increasing alkalosis shifts the curve back to the left
via the Bohr effect. Thus in humans the in vivo O, affinity at 4560m approximates
that at sea level and becomes even higher at greater altitudes” where a high affinity
favours loading. Increasing blood O, affinity in rats (by Hb carbamoylation) permits
survival at extreme altitude (pressure equivalent to 9180m) where controls die®. The
lower pH in the tissues compared to the lungs (as evident from lower venous than
arterial values) increases capacitance and favours tissue unloading.

Interestingly, second generation hypoxic rats (that experienced hypoxia in utero)
show an opposite response, compared to first generation ones, to moderate hypoxia
(10% O,), .. increased affinity and decreased DPG compared to normoxic controls®,
suggesting that cellular adaptation processes are initiated before birth.

In general the negative correlation between blood O, affinity and body weight in
mammals®?*® appears ascribable to variation in phosphate interaction®, which thus
may contribute to a greater hypoxic tolerance in large species.
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Figure 2 Diagram illustrating effects of increased DPG concentration and pH on arterial and venous 0,
saturations in humans at 4559m altitude, with arterial PO, values of 95 and 40 torr (as found at sea level
and 4559 m; lines A and B, respectively) and venous values of 25 and 15 torr (lines C and D, respectively).
Solid curves reflect actual values, broken curves show values at increased DPG concentration with unchanged
pH (T DPG), at increased pH with unchanged DPG (TpH) and at decreased pH resulting from high metabolic
acidification (JpH). Modified after ref. 21.

Very little information exists on adaptive changes in cofactor concentrations in
birds. In domestic pigeons the effects of the pronounced (39%) decrease in red cell
IPP concentration following three weeks’ acclimation to (4000m) hypobaria on blood
O, affinity appears to be cancelled by a concomitant (24%) increase in Hb content®.

2. Gestational Development

Fetuses and embryos of viviparous animals generally exhibit higher blood O,
affinities and lower Bohr effects than adults, which facilitate the transfer of 0, from
the maternal circulation at low O, tensions and pH*. These stages may express spe-
cific embryonic and fetal Hb components with different subunit composition com-
pared to adult HbA (Fig 4). The affinity difference results from three main adaptive
strategies (Fig. 5):

(1.) lower polyphosphate levels in the prenatal than in adult red cells, as occurs in
fetal dogs, rats, seals and pigs. This strategy is neatly characterised in the Weddell
seal, where decreasing blood-O2 affinity after birth correlates with increased DPG
levels and the stripped fetal and adult hemolysates exhibit the same O, affinities,
Bohr effects and Hb multiplicity (number and relative concentrations of iso-Hb com-
ponents)*,
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{ pig ac- Ser - Leu- Thr ----- Thr - lle - |Tyr- Arg
{ mouse ac- Ser - Leu- Met ----- Ser- Thr-- [Tyr- Arg
¢ man ac-Ser - Leu- Thr ----- Ser- Val-- |Tyr- Arg
R-TYPE CHAINS
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B human HbA Val - His - [Leul- [Lys|--[His]- Lys- [Tyr- His

1 2 3 82 143 144 145 146
Mammals; HbA
B llama/alpaca Val - Asn - |Leuj-- |Lys|--|Hisl- Arg- |Tyr- His
B elephant Val - Asn - |Leul-- |Lys|--|His|- Lys- {Tyr- His
B sheep ... = Met-{Leul- Lys|--|His|- Lys- |Tyr- His
B cow/goat ... - Met-|Leuj-- lLys|--{His|- Arg- [Tyr- His
B yak ... - Met-|Leul- |Lys|--|His}- Arg- |Tyr- His
£ Cat HbA Gly - Phe - {Leu|-- |Lys|--{His|- Lys- {Tyr- His
B Cat HbB ac- Ser- Phe- [Leu|-- [Lys --&l_ii - Arg- |Tyr- His
Fetal and embryonic Hbs
y human {HbF) Cac- Gly - His - |Leu|-- |Lys|-- Ser- Arg- |Tyr- His
y sheep {HbF) <.« = Met- |Leu|-- Lys{-- His- Arg- |Tyr- His
£ pig,human; 0 pig Val - His- Phe -- |Lys|- His- Lys- |Tyr- His
& mouse Val- Asn- Phe-- |Lys}- His- Lys- |[Tyr- His
Bird HbA
B chicken/geesed Val- His- Trp - |[Lys|- Arg- Lys- [Tyr- His
B ostrich/swift® Val- GIn- Trp-- |[Lysj- Arg- Lys- {Tyr- His

*Bold print signifies residues expected to influence blood O, affinity;
2phosphate binding at both B-chains; ®also interacts with ¢131-serine;
balso interacts with R1-valine; Spartly acetylated; Yincludes bar-headed,
Andean and greylag geese; ®same as in rhea, starling and blackbird.

Figure 3 Major sites for DPG (D), Bohr proton (H), and chloride (Cl) binding in human HbA and
corresponding sites in other Hbs. (Data from refs. 19, 25, 42).

(2.) specific prenatal Hbs with a higher intrinsic O, affinity, as exemplified by
mammalian embryonic Hbs, and the fetal Hbs from sheep and goats that are insensi-
tive to DPG*, and

(3.) lower phosphate sensitivity in fetal than in adult Hb, as observed in humans,
where HbF has a lower intrinsic O, affinity than HbA, but a higher affinity in the
presence of DPG*.

The presence of HbF in anemic and hypoxic adult mammals (see below) suggests
that its synthesis is not solely under endogenous control but influenced by in vivo PO,.

C. Molecular Mechanisms

1. Intraspecific adaptations

A mounting body of evidence indicates that in vivo O, tensions may influence
the type of Hb synthesized in fetal as well as adult stages, possibly by the same
mechanisms.
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Figure 4 Subunit compositions of human adult and fetal Hbs (A and F) and human and pig embryonic
Hbs.
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Figure 5 O, affinity (P, of fetal and adult Hbs from Weddell seal, sheep and humans, in the absence
(open columns) and presence (solid columns) of DPG. [Weddell seal Hb, 37°C, pH 7.2, DPG/Hb molar
ratio 7 (from ref. 34); sheep Hb, 37°C, pH 7.2, 40 torr CO,, DPG/Hb 2 (from ref 4); Human Hb, 15°C, pH
7.2; DPG/Hb 1 (from ref 40)].

(a) Hb switching

In sheep that express HbA, anemia induces synthesis of HbC, which has a higher
O, affinity’. However, in goats HbC has the same affinity as HbA in the absence of
CO, and a lower affinity in its presence®.

Adults of the high altitude tolerant alpacas have high HbF levels (55%)%. In the
yak Hb that commonly express two adult and two fetal Hbs, fetal pigments with high
O, affinities persist in the calves®. Interestingly hypoxic exposure of pregnant ewes
induces maintenance of HbF synthesis in the fetuses, whereas it decreases with time
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in normoxic controls'. Also, hypoxia increases fetal Hb synthesis in children with
congenital heart desease®.

Hb switching may also be manifested in birds, where some species, including all
those known to fly at high altitude, express HbD whose fractional contribution may
change drastically; in one individual Andean goose it fell from 40 to 4% within 3
years'®. This isoHb shares common [ chains with HbA whereby functional differ-
ences are due its a-chain sequences that show resemblence to those of avian embry-
onic Hbs. The high intrinsic Hb-O, affinity and low sensitivity to IHP (inositol
hexaphosphate that closely resembles IPP) in a strain of high altitude chickens pro-
vide further evidence of molecular adaptation®.

(b) Gestational changes

Functional differentiation in fetal and embryonic Hbs commonly involves amino
acid substitutions at the sites that are implicated in effector binding or in the transition
between the T and R states of the Hb molecule.

In humans the high fetal blood O, affinity results from decreased DPG sensitivity
in HbF caused by the 143-His—y 143-Ser replacement (that deletes two DPG bind-
ing sites per tetramer, Fig. 3) and substitution of $1-Val by partly acetylated Gly in
the ¥ chains®. This contrasts with sheep (strategy II) where DPG insensitivity of the
fetal Hb (as in adult ruminant Hbs—see below) results from deletion of the first [3-
chain residue and replacement of the second by non-basic methionine.

Human embryos (in the first ten weeks of pregnancy) have three embryonic Hbs
known as Gower 11, Gower I and Portland (o.g,, {€, and )y, where { and € are
embryonic o and P type chains, respectively. (Fig. 4%**). Hb Portland has a higher O,
affinity than HbA, and a small Bohr effect, which tallies with the presence of acety-
lated serine at {1 (i.e. loss of a proton binding site compared to ¢ chains). Moreover,
having y-chains as B-type chains (as in fetal HbF) predicts a reduced DPG effect in
this Hb.

Pigs that lack fetal Hbs express Gower I and II (as in man) as well as Heide I and
11({,6, and 0,8,) and HbA during embryonic development (Fig. 4). Hbs Gower I and
Heide I that have the highest O, affinities and lowest Bohr effects are the most abun-
dant components in the earliest stages are successively replaced by Gower II and
Heide II, and by HbA, which has the lowest affinity and the highest Bohr factor and
becomes the dominant component when the embryos become about 4 cm crown-
rump length®. These findings indicate a progressive decrease in the O, affinity differ-
ence between maternal and embryonic blood as embryonic O, tensions increase in
parallel with placental development®. As with human Hb Portland (above) small Bohr
effects in Gower I and Heide I are consistent with acetylation of the {1 residues. The
higher O, affinity observed in Gower I and Heide I that have embryonic o, chains ()
than in Gower II and Heide II with adult o chains appears to be due to the
0130Ala—{Thr replacement (as in adult vicuna Hb, below), which introduces a hy-
droxyl polar group that may increase O, affinity by interfering with Cl binding at
adjacent 0t131-Ser'84243,

Of the three embryonic mouse isoHbs investigated, 3,£¥,, o.,€", and o.,g", (Where
the 7 subunits may actually be { subunits)®'*, the first-mentioned lacks a Bohr effect
and cooperativity and may function as a short-term O, store*. In rabbits the embry-
onic Hbs with embryonic o chains similarly have higher O, affinities and lower pH
sensitivities than those with adult type ¢ chains'>*,

A different situation applies to some marsupials, which are born at a very imma-
ture stage (when the blood still contains embryonic red cells) and continue develop-
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ment without maternal placental connections in the mother’s pouch. In Tammar Wallaby
and brushtail possum the embryonic blood exhibits substantially lower 0O, affinities
than adult blood, heterogeneous binding curves (with high cooperativity coefficients
at high O, saturations) and contain multiple Hbs*2 whose primary structures appear to
be unknown.

2. Interspecific Adaptations

As with fetal and embryonic Hbs, the molecular adaptations in adult Hbs of high
altitude species commonly entail replacements of the basic amino acid residues at the
DPG binding site by nonpolar or hydrophobic ones, which lowers the stability of the
Hb-DPG complex®.

(a) Mammals

Blood O, affinity of elephants, which may be encountered at altitudes of 4500m
and were used in Hannibal’s crossing of the Alps in the Second Punic War in 218 BC,
is as high as in llamas'?. As in llama, vicuna and alpaca, elephant Hb exhibits a
2-His—Asn substitution compared to human HbA'®'?, which deletes two of the seven
DPG binding sites and diminishes the effector-induced reduction in O, affinity (Fig.
3). At pH 7.2 llama deoxyHb has a three-fold lower DPG binding constant than camel
Hb’. Vicuna Hb that has even higher O, affinity shows a a130Ala—Thr exchange,
which introduces a hydroxyl polar group that may interfere with Cl interaction at the
adjacent ot131-Ser', i.e. the same adaptation seen in pig embryonic Hbs Gower I and
Heide I (above).

Hbs from feloid and ruminant mammals have strongly reduced phosphate sensi-
tivities’ indicating a reduced potential for adaptive O, affinity modulation. In bovine
Hb the molecular basis is deletion of the B1 residue and a f2-His—*Met replacement,
which obliterates 4 of the 7 DPG sites (Fig. 3). The hydrophobic $2-Met residue is
forced to the interior of the molecule and stabilizes the low-affinity T structure®. In
cat HbA and HbB exhibit a §2-His—Phe substitution, whereas the 1 residue in HbB
moreover is an acetylated serine that cannot bind DPG™*.

b. Birds

Although birds generally may be considered preadapted to hypoxia through unique
adaptations at the systems level, distinquishing adaptations at the molecular level
endow some species with critical advantages in tolerating extreme hypoxia®.

As with elephants, the high blood O, affinity in flightless ostriches and rheas
accords with lower weight-specific O, demand and O, unloading in the tisues of large
animals, and with replacement of $2-His (see ref. 26 and Fig. 3). In ostriches this
tallies with the use of ITP (inositol tetraphosphate) instead of IPP as affinity modula-
tor’. The same B2-His—Gln substitution is manifested in swift, starling and black-
bird®, suggesting high, intrinsic O, affinities in Hbs from these species.

In contrast to other birds that have one or two isoHbs, Ruppell’s griffon that can
fly at 11.3 km has four Hbs, viz., HbA, HbA’, HbD and HbD’ that exhibit cascaded o,
affinities (lowest in HbA and highest in D/D’)*. This differentiation is consistent
with substitutions at 34 that stabilize the T-structure in HbA or at o38 that stabilize
the R-structure in Hbs D/D’'* and suggests functioning of the Hbs over a wide range
of O, tensions.

The bar-headed goose; a case study in molecular adaptation
One of the most intensively studied high altitude tolerant birds is the bar-headed
goose. Specimens acclimated to a simulated altitude of 5.6 km and subjected to 11.58
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Figure 6 A, Inhalent O, tensions (PO, circles) at different simulated altitudes and arterial (open symbols)
and venous (closed symbols) O, tensions in bar-headed goose (triangles) and pigeons (diamonds), showing
that arterial O, tension in the bar-headed goose at 11.58 km is only 1 torr below that in inhalent air, and B,
corresponding arterial and venous O, content values, showing higher values in bar-headed goose. Data
from refs. 5 and 17.

km maintain an arterial O, tension that is only 1 torr lower than in inhaled air (Fig. 6)

and an arterial O, saturation of 28%, compared to corresponding values of 4 torr and
2% saturation in Pekin ducks’. These findings tally with a high blood O, affinity
compared to that in the greylag goose that colonizes lower planes (P, at 37°C and pH
7.4 =29.7 and 39.5 torr, respectively)®. This difference cannot be explained by dif-
ferences in red cell IPP levels or the reactivities of the Hbs with IPP, but correlates
with a small difference in the intrinsic affinities of the Hbs (AP, =3 torr at pH 7.2 and
37° C) that becomes strongly magnified in the presence of red cell effectors™”.

The primary structures of the Hbs from the bar-headed and greylag geese show
only four exchanges'®? of which one, viz., 0199-Pro—Ala is unique amongst birds
and mammals suggesting its involvement in high altitude adaptation. In human HbA,
0199-Pro forms a Van der Waal contact with B55-Ser that stabilizes its T-structure
(reducing O, affinity). The theory that loss of this single o, 3, contact may be basic to
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Figure 7 A, O, equilibrium curves of native human HbA (circles) and of mutant Hbs a:119Ala and
B55Ser created with site-directed mutagenesis to mimic mutations manifested at these sites in the Hbs
from bar-headed and Andean geese (see inset). B, pH dependence of P_j values (Bohr effects) of Hbs A
(circles), at119Ala (squares) and BS5Ser (triangles) in the absence (open symbols) and presence (solid
symbols) of DPG (-D and +D, respectively) at 25°C and the indicated heme concentrations. Modified after
ref. 46.

the exceptional altitude tolerance in geese, is supported by the fact that the Andean
goose that also has extremely high blood O, affinity shows a 355-Leu—Ser substitu-
tion, and that both Pro and Ser are short residues that would leave a gap between
0119 and BS5 (Fig. 7). This hypothesis was tested by engineering two human Hb
mutants that mimic the evolutionary changes that occurred in the bar-headed and
Andean geese (0.199-Pro—Ala and B55-Met—Ser) by site directed mutagenesis and
comparing their O, affinities with those of human HbA'"4.

The two mutants showed similar increases in O, affinities compared to HbA, which
is compatible with loss of the same (0t119-55) intramolecular T-state contact
(Fig. 7). Although the P, difference compared to HbA was small it was drastically
increased in the presence of DPG (from approximately 2 to 17 Torr at pH 7.4 and
37°C)*5, as with Hbs from the bar-headed and greylag geese (see above).

Measurement of precise O, equilibria of the Hbs at extreme (low and high) satu-
rations (Fig. 8) and mathematical analysis in terms of the Monod-Wyman-Changeux
two-state allosteric model permits evaluation of the affinity constants for the Hb in
the tense and relaxed states (K and K, respectively) and for the four successive
oxygenation steps (k - k)*. The latter (‘Adair’) constants reflect higher affinities for
binding the first three O, molecules in the o chain mutant than in HbA both in the
absence or presence of cofactor, and indicate that, in both molecules, DPG delays the
transition from the T to the R state until binding of the third O, molecule.

The a119-Ala mutant showed a significantly higher K. value than HbA (Fig. 8),
indicating lower bond energies constraining it in the T state. Calculated from the
respective K values (which can be determined more accurately than the K, values)
the difference in this bond energy between the mutant and native Hb molecules ap-
proximates 2.4 and 3.3 kJ in the absence and presence of DPG, respectively*. These
values are within the range of stabilization energies for Van der Waals interactions
(0.4 - 4.0 kl/mole, compared to 12-30 kJ/mol for hydrogen bonds!?). This supports
the hypothesis that loss of a single intramolecular contact underlies the increase in
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Figure 8 Extended Hill plots of human HbA (circles) and mutant Hb 0:119Ala (squares) in the absence
(open symbols) and presence (solid symbols) of DPG at 25°C and pH 7.3, illustrating shifts in K. (the O,
association constant of the deoxygenated, tense state), which suggest that loss of a single intramolecular
contact (01119-B55) causes the high intrinsic O, affinity of bar-headed goose Hb.

intrinsic Hb-O, affinity, which endows the bar-headed and Andean geese with a se-
lective advantage to exploit extreme high altitude niches. These considerations pre-
dict a similar, high intrinsic O, affinity in other Hbs lacking a ol 19-B55 contact, such
as in Hb of the white stork (Ciconia ciconia) which exhibits B55-Thr!! that resembles
Ser found in the Andean goose. It is remarkable that single point mutations occurred
at the same contact but on different globin chains in these two geographically widely
separated species!’S.

It should, however, be stressed that adaptations in Hb structure/function are only
part of a range of molecular, cellular and organismic adaptations that enables respira-
tion at extreme altitudes. Thus hyperventilation-induced alkalosis’#” may raise blood
affinity via the Bohr effect and decreased Hb-IPP complexing. Also, as shown for
pigeons® cooling of blood in the heat-exchanging ophthalmic retia and exchange of
CO. and O, between air and blood at moist cephalic surfaces may substantially in-

2 2
crease the O, affinity and O, content of afferent cranial blood.

D: Conclusion
High altitude tolerant birds and mammals exhibit two main strategies for securing
O, delivery in tissues, (a) intraspecific changes in red cell concentrations of phos-
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phate cofactors (IPP and DPG), as illustrated in mammals subjected to moderate hy-
poxia, and (b) synthesis of isoHbs with different structural and functional properties,
as observed with intraspecific Hb switching and gestational development, and with
interspecific comparisons.

Molecular adaptation is not a general characteristic but reflects specific mutations
that distinguish species with exceptional hypoxic tolerance and complements general
adaptations to hypoxia at the cellular and systems levels (e.g. capacity to regulate red
cell phosphate levels in mammals and the unique functional anatomy of the lung in
birds).

The involvement of only a few amino acid residues in the intramolecular interac-
tions that determine Hb-O, affinity limits the options available for molecular adapta-
tions and is the basis for the homology in strategies encountered in adult, fetal and
embryonic Hbs from phylogenetically diverse species. Thus, a reduction in the modu-
lator action of phosphates is achieved by replacing the same basic B2-His residue by
uncharged Asn (in llama, vicuna, alpaca and elephant), Gln (in ostrich and swift), Phe
(in cat) or Met (in ungulates like cow, goat and sheep).

The use of site-directed mutagenesis to create Hbs with key amino acid exchanges
that mimic those evident in the Hbs of high altitude tolerant geese show that pin-point
mutations that change single intramolecular contacts may impart critical selective
advantage for high altitude respiration. Such investigations provide for exciting per-
spectives for designing Hbs adapted to hypoxia or specific pathological conditions,
given the development of technologies that permit in vivo expression of engineered
Hb mutants.
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Abstract

During the early embryonic phases of all vertebrates, gas exchange and distribu-
tion within the developing tissues by simple diffusion is gradually supplanted by
convective transport of oxygen using a respiratory pigment distributed by the action
of the heart. It has been widely assumed that the beat of the heart and subsequent
convective flow of blood begins just as diffusion becomes inadequate because of
lengthening diffusion distances and increasing metabolic rates. This hypothesis, which
we call synchronotropy, has not been extensively tested. Two distinct lines of evi-
dence, however, support the hypothesis of prosynchronotropy, which proposes that
the heart beat and convective flow of blood begins before the absolute requirement
for convective blood oxygen transport. The first evidence comes from experiments in
which embryonic fish larvae® and amphibian larvae (Territo, unpubl., Mellish et al.,
unpub.) are exposed to 2-5% CO. Convection of blood by the beating heart contin-
ues, but Hb-O, transport is eliminated. Oxygen consumption is not significantly af-
fected and the larvae even continue to grow and develop, suggesting that convective
O, delivery by Hb is not essential. The second line of evidence comes from larval
axolotls, either of a mutant strain in which the heart never begins to beat,” or in wild
type larvae in which the heart primordia had been removed earlier by surgery®. Lar-
vae with no functional cardiac pump for generating convective blood flow show only
slightly diminished oxygen consumption compared to wild type larvae. Collectively,
these data suggest that the vertebrate heart starts to beat and pump blood well before
convective blood oxygen transport is actually required.

Introduction

A major tenet in cardio-respiratory physiology is that the convective movement
of blood provided by the heart is required to distribute oxygenated hemoglobin (Hb)
about the body. This statement is fundamentally true for juvenile and adult animals,
but requires some refinement when placed in an ontogenetic context. During the ear-
liest embryonic phases of all vertebrates, gas exchange and distribution within the
developing tissues must occur by simple diffusion, for there is no mechanism for
convective transport of blood and, indeed, there is no blood. Then, as the heart begins
to beat, erythrocytes with Hb begin to form. Blood begins to flow to the peripheral
embryonic tissues, and convective transport of oxygen using a respiratory pigment
gradually supplants diffusion!!.
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Unfortunately, we know surprisingly little about the timing of the onset of Hb-
oxygen transport in these earliest stages of development. The literature on cardio-res-
piratory physiology and blood oxygen transport in the developing mammalian fefus
is enormous®, but we know little about blood gas transport in the mammalian
embryo®. For a number of reasons, both technical and physiological, mammalian
embryos are not easily studied. To give just one example, the mammalian embryo
prior to placental development is highly protected within a uterine environment that,
with respect to PO, and PCO,, is poorly understood and characterized and cotre-
spondingly difficult to modify experimentally. Because of these and other limita-
tions, cardio-respiratory physiologists interested in the developmental onset of blood
oxygen transport have turned to other vertebrate embryos that are more conducive to
study. The two most widely employed are the chicken embryo and, more recently, the
frog embryo (for a discussion of the merits of these models and data derived from
them see numerous articles®!!122636 and the Israel J. of Zoology Vol. 40, 1994.) Briefly,
however, both models offer similar advantages over studying mammalian embryos
because these embryos are, by nature, self-enclosed entities free of direct maternal
influence. Although both bird and amphibian embryos are enclosed within special-
ized eggs of some description, the experimenter can relatively easily modify the im-
mediate embryonic environment, and can access embryonic structures more easily,
with less embryonic disruption, than in mammalian embryos. Ease of access is prob-
ably maximized in many amphibian and fish embryos, which hatch from their egg as
larvae at about the period of time when the heart begins to beat. Since many of these
embryos are also nearly transparent, video microscopy and other techniques can be
employed to make both qualitative and quantitative measurements of cardio-respira-
tory processes®.

Although the study of blood oxygen transport and tissue oxygenation in develop-
ing vertebrate embryos is still in its infancy, there are sufficient data available to
describe the basic process, to speculate on some as yet unexplored processes and, in
some instances, modify and refine our view of the role of embryonic hemoglobins.
We begin by considering the role of diffusion in the earliest embryonic stages.

Diffusion: The Earliest Mechanism for Embryonic Oxygen Transport

Diffusion as the sole mechanism for providing oxygen transport between the en-
vironment in which an animal lives to the mitochondria of its cells is surprisingly
effective provided three conditions are met:

etotal distances for gas diffusion are short

senvironmental PO_s create large gradients for inward oxygen flow

stissue metabolic rates are low
Some, if not all, of these conditions are relevant to early embryonic stages of verte-
brates, and each deserves discussion in turn.

Short Diffusion Distances

Living proof abounds of the efficacy of oxygen diffusion without convective trans-
port due to small body size. There are numerous invertebrates that as adults have no
cardiovascular system and no blood pigment. Such animals are usually limited to
about 1 mm in diameter, resulting in a maximum possible oxygen diffusion distance
of about 0.5 mm. However, specialized body shapes can permit larger body sizes. The
flatworm Planaria and similar Platyhelminthes can reach several cm in length and a




EARLY DEVELOPMENT OF OXYGEN TRANSPORT 47

cm or more in width. They survive without a cardiovascular system and the attendant
convective oxygen transport largely because their flat body shape ensures that all
body cells are within 0.5 mm or so of the water in which they live. Even in verte-
brates, there are qualified examples of animals that survive with no convective trans-
port of oxygen in blood. As will be discussed below, a mutant form of the axolotl
Ambystoma mexicanum produces embryos that survive to several mm in length with-
out a beating heart before eventually succumbing.

Since all vertebrate embryos begin as just a pair of fused cells, early development
is characterized by short diffusion distances, even when accounting for the yolky
mass of the egg. The cardiovascular system is the first system to function in the ver-
tebrate embryo, but convective flow of blood with erythrocytes still lags behind the
initial explosive period of embryonic growth. Consider the human fetus. The theo-
retical maximum diffusion distance of 0.5 mm between deepest tissues and the sur-
rounding environment is not exceeded until about 20-24 days of development. This
coincides with the beginning of an organized convective flow of blood generated by
the beating heart.

Large PO, Gradients

Diffusion as the sole mechanism for delivering oxygen to embryonic tissues is
effective only if the PO, gradient from environment to metabolizing tissue is large.
Assuming that the PO2 within the mitochondria is less than 0.5 mmHg*, then the size
of the oxygen gradient will be dictated by ambient PO,, and changes in the rate of
oxygen diffusion into the embryo will similarly depend upon changes in ambient
PO,. This being the case, what do we know about the PO,s in the embryonic environ-
ment? Answering this question depends upon the taxon being considered.

In non-marsupial mammals, the embryo implants into the uterine wall, which
subsequently grows around it. Data on the oxygen characteristics of the environment
immediately surrounding the embryo are lacking—we know of no measurements of
PO,s in the immediate vicinity of the embryo in the first few weeks of pregnancy. In
the absence of data, one might speculate that such PO,s approximate that of mixed
venous blood, in the order of 40 mmHg. This makes for a PO, gradient of about 40
mmHg between “environment” and mitochondria. Bird embryos and reptile em-
bryos are separated from ambient air by calcified egg shells representing potential
boundaries to diffusion'>*2. The diffusion properties of bird and reptile egg shells is
complex, because of the geometry of the egg shell pores, the effect of the water that
occupies these pores, whether they are calcareous or leathery eggs, and the properties
of the underlying membranes. However, at least in chicken eggs, the PO, in the
air cell inside the egg is between 100 and 110 mmHg32. The embryo itself begins to
form close to the inner membranes of the egg (that is on the exterior of the yolky
mass), and may experience similarly high “environmental” PO,s in the first days of
development.

Amphibian and fish embryos form in eggs that as a general rule contain large
amounts of perivitelline fluid relative to bird and reptile eggs. Moreover, depending
on species, the eggs themselves may be imbedded in large amounts of jelly-like ma-
terial®»¥’. This jelly can present an additional large diffusional barrier, roughly equiva-
lent to the boundary layer of unstirred water. Though beyond the scope of this article,
it is worth mentioning that the situation in some amphibian egg masses is made even
more complex by the presence of photosynthesizing algae that contribute oxygen to
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the egg mass during the day, and consume it at night*®. Ignoring problems for gas
diffusion presented by the additional jelly, the eggs of many species of amphibians
and fishes are at least 1 mm in diameter and up to several mm in diameter. This would
appear to obviate adequate inward oxygen diffusion to supply the metabolism of the
growing embryo. However, at least in some amphibian eggs the body wall of the
early embryo is ciliated. These cilia beat in a coordinated fashion, generating a con-
vective flow of perivitelline fluid within the egg and reducing the boundary layer
adjacent to the skin®. Thus, the appropriate gradient (and diffusion distance) to con-
sider in these situations is from the perivitelline fluid adjacent to the body wall to the
deepest tissues. Unfortunately, actual measurements of PO, in or around amphibian
or fish eggs are few®**’. However, modeling has provided a useful, if controversial,
approach to understanding diffusional gas transport in amphibians*>’.

Low Metabolic Rates

The extent to which the embryo acts as an oxygen sink is a crucial consideration
in the effectiveness of gas diffusion as the sole means of providing oxygen to the
embryo. There are numerous studies of the metabolic rate of non-mammalian verte-
brate embryos (for reviews see 10, 34, numerous papers in Israel J. Zool. vol 40,
1994). Unfortunately, most data suffer from the same flaw—the measurements were
made on organisms whose body mass included large and variable amounts of non-
metabolizing tissues in the form of yolk. Oxygen consumption of embryos is usually
expressed as oxygen consumed per embryo or as oxygen consumed per gram of em-
bryo. This latter measurement may include large amounts of perivitelline fluid and
membranes (fish, amphibians), or calcareous egg shells and massive amounts of yolk
(reptiles and birds). Only rarely have attempts been made to express embryonic oxy-
gen consumption based on some index related to metabolizing tissue. These indices
have included nitrogen, DNA, body mass after ethanol extraction of yolk, and lipids.
Currently, we are developing a technique in our lab which would allow for separation
of the polar and non-polar fraction of the yolky mass. The novelty about this refined
method of determination is that it utilizes HPLC to quantify the fraction of each type
of lipid present, and therefore to determine which portion of the egg is “animal” and
which part is stored fuel.

Given the difficulty in expressing oxygen consumption of embryos in a meaning-
ful way, it is not surprising that no clear indication of embryonic metabolic rate ex-
ists. Assumptions that embryos have the same metabolic rate as adults may be in error
because of the allometry of metabolism and because of non-intuitive changes in meta-
bolic rate during development'”'**!. However, even if embryonic metabolism is over-
or under-estimated grossly, the fact that most vertebrate embryos are in the order of a
few mgs would indicate that large scale oxygen depletion of the environment sur-
rounding the embryo is unlikely. This is not to say that steep PO, gradients may not
exist®, but rather that even a high metabolic rate by an embryo is unlikely to outstrip
diffusional delivery of oxygen while diffusion distances remain short.

Onset of Convective Transport of Oxygen in Blood

As outlined above, oxygen transport by diffusion can satisfy the metabolism of
embryos when diffusion distances are small, most vertebrate embryos quickly grow
beyond a few mm in size. Regardless of changes in ambient PO, and metabolic rate,
increasing diffusion distance obviates diffusion as a sole means of achieving tissue
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oxygenation. This necessitates the convective flow of an oxygen-carrying medium—
blood containing Hb packaged in erythrocytes in the case of vertebrates.

Heretofore it has been assumed that the onset of convection of blood to transport
respiratory gases (and nutrients) occurs just as diffusional delivery of oxygen begins
to falter. However, a growing body of evidence suggests that blood convection may
be only a prelude—dress rehearsal, if you will—to the actual need for convective
oxygen transport. We can express these two different interpretations formally:

Hypothesis #1. The heart, heart beat, and blood flow develop on a “just in time”
basis to supply by convection oxygen to growing embryonic tissues as simple diffu-
sion of O, becomes progressively insufficient.

or

Hypothesis #2. Convective flow of blood generated by beating of the developing
heart precedes the absolute need for convective flow although diffusion is adequate
to meet animal’s needs during the period of early heart development. That is, early
heart development is “dress rehersal” for a future time when convective blood be-
comes an absolute requirement.

Figure 1 illustrates these two hypotheses. Let us now consider the evidence for
each hypothesis.

The “Synchronotropic Hypothesis”

The “synchronotropic hypothesis”, which we might call the “just in time” hy-
pothesis, has not been explicitly tested experimentally to our knowledge. This hy-
pothesis derives less from any experimental data than from a long-standing, central
dogma in biology, namely, that extant structures carry out functions useful to the
animal. We generally assume that when structures are present and in a non-diseased
state, they do, in fact, perform their ascribed function (with the exception of vestigial
organs, of course). Because the heart begins to beat and generate convective blood
flow early in development, and because intuitively we know that the growing embryo
will at some time require a system of internal convection for oxygen and nutrient
distribution, it is widely assumed that the heart beat appears at the time when such
convection is required (Fig. 1A).

This reasoning is somewhat flawed, given what we know about physiological and
anatomical developmental processes for other organ systems. The lungs, kidney, liver
and other organs of the mammalian fetus develop and show physiological capabilities
well before normal events in development require them to operate. We know, for
example, that fetal lungs show some physiological capabilities in the form of breath-
ing movements and the ability to exchange gases (as proven by premature birth) weeks
or months before the act of birth at normal term makes sudden demands for gas ex-
change. Why then, should we not similarly assume that the beat of the heart and the
convective flow of blood represents preparation for, rather than the actual need of,
blood oxygen transport? Part of this preparation for the eventual use of the circulation
or O, transport could include the hemodynamic modeling and shaping of the heart
and vessels by the heart beat.

The “Prosynchronotropic Hypothesis”

The “prosynchonotropic hypothesis” or “dress rehersal” hypothesis suggests that,
like fetal lungs that show breathing movements but are not actually exchanging gases,
the early embryonic heart beat and blood flow that it generates are preludes to a
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Figure 1 Contrasting hypotheses describing the timing of the onset of heart beat relative to the need for
convective transport of oxygen by blood. A) The “scynchronotropic hypothesis” holds that the onset of
heart beat (and blood convection) is synchronized with the point in development when diffusion becomes
insufficient for gas exchange. B) The “prosynchronotropic hypothesis” holds that the need for convective
blood flow to transport oxygen to the tissues does not occur until well after heart beat and blood flow have

begun.
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period when convective flow of blood will be required for gas exchange early in
embryonic development. This hypothesis is currently being tested in a number of
laboratories using three experimental paradigms—non-lethal effects of carbon mon-
oxide in embryos, surgical removal of the heart primordia and the cardiac lethal mu-
tant line of axolotls (Ambystoma mexicanum,).

Carbon Monoxide in Embryos—Disruptive, But Not Deadly

A wide variety of vertebrates possesses multiple forms of embryonic or fetal res-
piratory pigments**’#°. Convective transport of these pigmented cells facilitates the
complete transport of oxygen, and therefore ultimately permits cellular respiration, at
relatively low ambient PO,s. A standard tool in investigating the role of hemoglobin
specifically, and blood generally, in animals of all developmental stages is “func-
tional” ablation of Hb with carbon monoxide (CO). The importance of utilizing CO
as a means of lowering oxygen content is that CO:

*is specific to Hb;

*does not interfere with carbonic anhydrase activity, which is important in CO,
transport and buffering;

*does not reduce whole blood viscosity, as in the case of anemia, and;

eallows the investigator to determine the role of Hb in bulk oxygen transport.

Carbon monoxide as a probe of Hb oxygen transport was used extensively in
mammals, especially in the *70s>*>'*. However, use of CO to investigate O_-Hb trans-
port in embryonic or larval vertebrates has been limited to a few studies on fishes?
and amphibians (Mellish et al, unpubl.; P. Territo, unpubl.). Nonetheless, the data are
provocative, and bear discussion because of the relevance they have to the “dress
rehersal” hypothesis.

Holeton?! was one of the first to expose vertebrates in very early stages of devel-
opment to CO. He briefly exposed one month old larvae of the rainbow trout Salmo
gairdneri to 5% CO and monitored branchial pressure, heart rate, and oxygen con-
sumption. Holeton?! determined that larval rainbow trout could survive brief expo-
sure to 5% CO with few ill effects, although respiratory and heart rates were elevated
over this exposure. Moreover, this CO level was found to reduce maximum blood
oxygen content to 0.8 vol %, compared to 9 vol% in air-saturated blood in adults of
the same species®. This level of CO is sufficient to limit the oxygen carrying capacity
of Hb, but does not affect other hemoproteins such as cytochromes'®. Additionally, a
P_,5-10 x greater than PO, would be required to reduce oxidative metabolism by 50-
80%, due to a direct effect of CO on cell metabolism. Clearly, these lines of evidence
demonstrate that blood-oxygen transport is unnecessary for gas exchange in rainbow
trout, a fish with a relatively high metabolic rate.

The metabolic effects of CO exposure are also being investigated in amphibian
larvae. Mellish et al. (unpublished) have investigated the effects of CO exposure in
amphibian larvae (Fig. 2). They exposed stage 39 larval axolotls (Ambystoma
mexicanum) to 5% CO. Larval axolotls at this stage have developed external gills,
and their heart has been beating and propelling blood containing erythrocytes for
several days. Oxygen consumption (MO,) was decreased by only about 25% in CO-
exposed stage 39 larvae compared with normal larvae. Oxygen conductance (GO,) in
these animals was similarly reduced. Collectively, these data indicate that axolotl
larvae can consume oxygen with relatively little assistance from Hb as a blood oxy-
gen carrier.
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Figure 2 Oxygen consumption (MOZ) and oxygen conductance (GO,) in stage 39 larvae of the axolotl
Ambystoma mexicanum in normoxia. Two experiments are indicated. In the first group, a population of
wild type larvae were compared with a population of cardiac lethal mutants. In the second group, a different
population of wild type larvae were compared with wild type larvae in which the heart primordia had been
removed earlier at Stage 18-20. After Mellish, Smith and Pinder, unpubl.

Recent studies in our own lab have concentrated on the long term developmental,
metabolic and respiratory effects of 2% CO in the South African clawed frog Xenopus
laevis. This level of CO reduces maximum blood oxygen content to 0.2 vol % from
untreated levels of about 9-10 vol %, a CO effect consistent with Holeton findings
for larval trout. In our study we measured MOZ, whole body lactate, mass, and devel-
opmental stage during growth and development in 2% CO. Although discussion of
many of our findings is beyond the scope of this paper, the fundamentally important
finding is that CO-exposed Xenopus laevis continued to consume oxygen at levels
not significantly different from air-exposed larvae, at any stage of larval development
(Fig. 3). Moreover, they continued to grow even when completely deprived of Hb-O,
transport by CO exposure. The larvae also displayed normal feeding and respiratory
behavior. In fact, the major impediment to development appeared to be a slowing in
the rate of growth rather than the ability to grow.

Collectively these data from lower vertebrates indicate that Hb-dependent oxy-
gen transport by the blood is unnecessary for survival and growth in early embryos
and larvae. How do CO-exposed larvae continue to consume oxygen, grow and de-
velop? One answer is that a greatly elevated cardiac output may transport sufficient
oxygen dissolved in solution in plasma, when it cannot be bound to Hb. There are
numerous species of vertebrates that have little or no Hb as adults. The Antarctic
“icefishes” Chaenocephalus aceratus, Pseudochaenichthys georgianus, and
Champsocephalus gunnari lack Hb, and rely solely on convective transport of dis-
solved oxygen!®?. These fish are greatly aided by the fact that they live at or near
0°C, which greatly increases the solubility of oxygen in their plasma compared to
warmer temperatures. The combination of high oxygen plasma content, large blood
volume and a cardiac output that is about 6-15 times greater than other species of fish
with Hb at this temperature would appear to allow adequate rates of oxygen con-
sumption.
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Figure3 Oxygen consumption (1\7[02) at23-25°C in larvae of the clawed frog Xenopus laevis as a function
of development and of chronic exposure to 2% CO from egg fertilization. Note that the MO, of the larvae
chronically exposed to CO was not different from that of the larvae raised in normoxia. Development is
expressed in Nieukoop-Faber stages. See text for more details (P. Territo, unpubl.}

CO-exposed salamander and frog larvae consume oxygen at rates at or slightly
below animals with unimpaired Hb (Figs. 2, 3). Enhanced plasma O, carriage such as
enjoyed by icefish cannot account for blood O, transport alone in Jarval amphibians.
This is because there is nothing unusual about O, carriage in plasma. Experiments on
Ambystoma mexicanum and Xenopus laevis were carried out at 20-25°C, and the O,
plasma solubility in at least Xenopus laevis is comparable to mammals and other
vertebrates (7, P. Territo, unpublished). Consequently, we predict that some combina-
tion of the following must occur to account for the maintained O, consumption:

scardiac output is greatly elevated to provide O, by convection in plasma

«diffusion rather than blood convection provides most, if not all, O, required by
metabolizing tissues.

These two opposing explanations have not been experimentally explored as yet.
However, extremely compelling evidence supporting the notion that diffusion is ad-
equate comes from experiments on cardiac lethal mutants of Ambystoma mexicanum.

“Heartless” Larvae—Survival by Diffusion Alone

There exists in the axolotl Ambystoma mexicanum a “cardiac lethal mutant”. The
heart develops more or less normally from a gross anatomical perspective, but it never
begins to beat (see reviews 16, 25, and 38). If the normal onset of heart beat occurs
just as the need for convective blood transport develops—that is, if synchronotropy
prevails—then cardiac lethal mutant embryos should die at the time when the heart of
normal embryos begins to beat. In fact, cardiac lethal mutant embryos hatch into
larvae and swim about for several days before succumbing—all the time with no
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heart beat! In a recent series of experiments, Mellish, Pinder and Smith?® and Mellish,
Smith and Pinder (unpublished) have shown quite unequivocally that the heart is not
required for survival in stage 39 axolotls. Their experiments were carried out on three
larval populations—wild type axolotls (controls), wild type heartless (heart primor-
dia surgically removed at stages 18-20), and cardiac lethal mutants with heart intact,
but which by nature had no heart beat. They then measured M02 and inward O, con-
ductance in two experiments, using two separately raised clutches of larvae. As shown
in Figure 2, there was little or no impairment of either MO2 or PO, conductance in
animals with no heart beat or, in the more extreme case of the surgically treated popu-
lation, no heart at all!

It is possible that some minor convective flow of blood could be generated in a
cardiac lethal mutant, or even in a heartless wild type larvae, if there was an intact
central circulation with venous valves. Small body movements could drive blood
slowly through such a cardiovascular system even in the absence of a heart beat.

Conclusions, Implications and Future Directions

At some time in the early development of every vertebrate the ability of oxygen to
reach the tissues by simple diffusion is outstripped by the oxygen demand of the
tissues. At this time the convective transport of oxygen by blood must begin, and take
on a progressively increasing role in overall tissue oxygenation as body mass and
diffusion distances increase. Generally it has been assumed that the onset of heart
beat, and the convective flow of blood that the beating heart provides, occurs just at
the time when convective flow is needed, a hypothesis that we call synchronotropy.
However, the alternative hypothesis of prosynchronotropy—that the heart starts to
beat and pump blood before convective blood oxygen transport is actually required—
is supported by some compelling experimental data on embryos and larvae of am-
phibian vertebrates. Elimination of Hb-O, transport by carbon monoxide exposure,
cardiac lethal mutants lacking heart beat, and even surgical removal of the heart pri-
mordia is insufficient to prevent oxygen consumption, growth and development to a
time in development well beyond that at which control animals develop heart beat
and blood flow. Clearly, tissue oxygenation is not dependent on convective blood
flow in early development. A natural question, then, is why does the heart begin to
beat “early” with respect to the need for convective oxygen transport?. Mellish ez al ?
speculate that the heart may begin to beat “... for the removal of nitrogenous wastes,
and/or to maintain ionic and water balance”. Generation of central arterial pressure
might also be important in angiogenesis'.

These experiments and their interpretation suggest several areas for future re-
search. One of the most important to pursue will be to establish how universal these
findings are among vertebrates. An important first step would be to investigate the
onset of the need for convective transport of oxygen in the early chick embryo, which
has been used widely as a model for human and mammalian embryonic development.
However, we do know that, at least for many aspects of hemodynamic development,
amphibian and avian embryos are qualitatively and in many respects quantitatively
the same (see 9, 23, and 24). Another area to investigate will be whether oxygen
transport by plasma plays a significant role in early embryos, when blood Hb concen-
tration and red blood cell counts are very low. Related to this is the question of whether
increases in cardiac output can compensate for the lack of functional Hb. These and
other questions exploring the role of blood in tissue oxygenation in the early embryo
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will probably be more easily explored by continuing to develop and work with cardio-
vascular and erythropoietic mutants of zebrafish, amphibians and chickens or other fowl.

Finally, understanding the role of the early circulation in vertebrate embryos is
not just an academic exercise. Many surgical procedures are now carried out on the
human fetus—procedures thought impossible just a few short years ago. The future
may hold the promise of cardiovascular surgery during the first trimester of human
pregnancy. Knowing the precise role of the embryonic and early fetal circulation will
be crucial in making decisions about interrupting circulation during heart repair sur-
gery, for example.
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Introduction

Conventional wisdom, as absorbed by all first year medical students, explains
how a decreased hemoglobin affinity for oxygen—a rightward displacement of the
oxyhemoglobin dissociation curve (OHDC)—aids the unloading of oxygen in the
tissues but compromises loading in the lungs; and vice versa for the case of an in-
crease of hemoglobin affinity for oxygen. A closer look at the participation of hemo-
globin in the phenomena of respiratory gas exchange quickly reveals the necessity of
also recognizing the effects of the partial pressure of O, in the arterial blood, and the
arterio-venous oxygen difference, in predicting quantitative influences. Further, the
physiological significance acquires a wider perspective if animals with different re-
quirements are considered. The purpose of this brief synopsis will be to examine
some of the relevant consequences of different hemoglobin oxygen affinities for gas
exchange in normoxic and hypoxic environments; to make a comparative survey in
respect to optimality and fitness; and to compare the relative efficacy of adaptations
to high altitude that include, on the one hand, an advantageous hemoglobin oxygen
affinity, and on the other, a hematopoietic response leading to an increased O, carry-
ing capacity.

Range of Mammalian P_ and Consequences for Oxygen Exchange

For convenience, the conventional parameter of hemoglobin oxygen affinity, P
(the partial pressure of oxygen at which the hemoglobin is half saturated) will be used
subsequently. With this measure Schmidt-Nielsen and Larimer recorded a size-de-
pendent relationship'® among mammals (although inconsistencies in this trend have
been demonstrated’, the generality remains valid and useful for discussion). Their
graph, shown in Figure 1, reveals a strong tendency for small animals to have hemo-
globins with a low affinity for oxygen, and for large animals to have hemoglobins
with a high affinity. Remembering that specific metabolic rate is higher in smaller
animals, it appears that it is important for them to have hemoglobins that favor oxy-
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Figure 1 Range of hemoglobin oxygen affinity, expressed as P, , in common mammals, as a function of
body size. From Schmidt-Nielsen and Larimer', reproduced by permission of the authors and the American
Physiological Society.
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Figure 2 “Critical PO,” (ambient PO, below which oxygen consumption rate cannot be sustained) is
higher in those rodents with higher T, (oxygen tension at which hemoglobin is half saturated). From F.G.
Hall'® reproduced with permission of the American Physiological Society.
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gen unloading: the properties of the tissues must have been the dominant factor in
natural selection. The advantage of a low P, defined as the minimal ambient PO,
that would sustain oxygen consumption, was shown in a series of rodents by F.G.
Hall.!* His graph is reproduced in Figure 2. Survival in hypoxia is apparently favored
by alow P, . Hypoxic tolerance is increased. Why hemoglobin oxygen affinity should
be high in large animals, generally, is a subject for speculation later, but to favor
oxygen loading in the lungs is a definite advantage for those animals that reside at
high altitudes." In that case, it is likely that environmental pressures would select for
a low P, or, alternatively, that animals with a low P, would have a competitive
advantage for invading high altitude environments and would tend to migrate there.

The range of P, in mammals is roughly from 20 to 50 torr. For reference, human
P, is about 30 torr. The effect of P, in gas exchange is dramatized by examining
animals selected from the extremes of P, . Figure 3 graphs the OHDC of llama and
mouse and shows the arterial and venous points in normoxia for an arterio-venous O,
saturation difference of 50%. Even in normoxia arterial oxygen saturation is slightly
compromised in the mouse, but the venous PO, is about 20 torr higher than in the
llama. It is also apparent (not shown) that the amount of oxygen that would be un-
loaded, if the venous PO, were the same in the two species, would be much greater in
the mouse. In Figure 4 the situation in moderately severe hypoxia, again for a 50%
arterio-venous SaO, difference, shows a badly handicapped O, loading in the mouse,
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Figure 3 Oxhemoglobin dissociation curves of mouse and llama, plotted in the usual way. These two
species were selected to illustrate the extremes of mammalian P, The arterial and venous points are
shown for normoxic condition and an arterio-venous saturation difference of 50%.
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Figure4 Replica of Figure 3 except that the arterial and venous points are now those that would occur in
moderately severe hypoxia.

but now, in contrast to the normoxic condition, the venous PO, of the mouse lies
slightly below that of the llama. Further, for the same venous POZ, the llama now has
the ability to unload more oxygen. The important fact also emerges, by comparing the
normoxic and hypoxic states, that there is a particular arterial PO, below whicha P,
like that of a mouse, ceases to be of advantage, and a lower P, like that of a llama,
unloads at a higher venous PO,. Technical jargon sometimes calls this the “cross-over
point”, but it is intuitively obvious that there must be a particular P, which will allow

maximal oxygen unloading for any given pair of arterial and venous PO, values.*

Optimal P, for PvO, and for (Sa0, - SvO,)

Willford, Hill, and Moores* quantified the problem by expressing mathemati-
cally the arterio-venous oxygen saturation difference as a function of the respective
partial pressures and then setting the condition of optimality, d(Sa0, - SvO,)/dP_ = 0.
This implies (Pa0, - PvO,) > = optimum P, . In the same manner, but this time maxi-
mizing PvO, i.e., setting dPvO,/dP, = 0, an optimal P, can be determined as a func-
tion of PaO, and (Sa0, - SvO,). The consequence of the first set of equations appears
graphically in Figure 5 which indicates SaO, and SvO, as functions of P,. The maxi-
mum P, , under these normoxic conditions, is about 50 torr, which approximates that
of very small mammals. The shape of the OHDC is also of crucial importance in
determining the optimum P, . As P, increases from 20 torr, the venous blood
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Figure5 Blood oxygen saturation as a function of P, in normoxia. This kind of representation is adopted
to illustrate comparative examples from the more general theoretical analysis of Willford, et al.*.

desaturates more rapidly than the arterial blood, up to the point of maximal (Sa0, -
SvO,), but beyond that, it is the other way around. The lower P_; in man and llama, as
indicated, are far removed from the optimum, and if there were a naturally occurring
P, still higher than that of a mouse, less oxygen would be delivered to the tissues in
that instance, as well.

When the condition changes to one of hypoxia (Fig. 6) maximum oxygen unload-
ing occurs at a P, of 20 torr, the value found in the llama, and it is the mouse that is
farthest removed from the optimum.

Turning now to optimizing venous PO,, Figure 7 illustrates the progressive de-
cline of PvO, when P, = 50 torr and conditions change from normoxia to mild hy-
poxia. On the other hand, with P50 =20 torr, there is a lower venous POZ, but it extends
over a long plateau as conditions change from normoxia to mild hypoxia. There is
however, a “cross-over” when hypoxia becomes more severe. At that critical PaO, the
venous PO, is sustained over a considerable range of further hypoxia, and it is always
higher than for blood with a high P, .

The advantage of a low P at very high altitudes is evident, and native species of
mammals—camelids: vicufia, alpaca, llama; rodents: chinchilla, vizcacha—and of
birds—huallata, bar-headed goose—fulfill the expectation for fitness in this regard.
A study!” of ten subspecies of deer mice living at different altitudes up to 4000m.
found that P_, correlated negatively with altitude, although within individual subspe-
cies there was no such correlation (Fig. 8). The evidence therefore points to natural
selection for hemoglobins with an optimal P,, and the low P, found in burrowing
animals’® is consistent with this conclusion. The case of the camelids at high altitude
introduces the likelihood of an alternative strategy for optimization. Although high
altitude camels have a slightly lower P, than bactrian and dromedary camels at sea
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Figure 6 The relationships are the same as for Figure 5, but the condition now is one of hypoxia.
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Figure 7 Venous PO, as a function of PaO, for selected P,’s and a constant arterio-venous difference.
This kind of portrayal has been selectively adapted from Willford®.

level, the difference is not great.' So, sea level camels had a latent capability which
gave them an advantage in oxygen transport in hypoxic environments, and this could
have led to an opportunistic migration. More information on the natural history and
migration of animals is required to confirm the probable hypothesis that some species
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discovered their unique fitness for life in a high altitude environment, and that what
the physiologist observes is not, strictly speaking, an adaptation.

It has sometimes been maintained that the process of acclimatization (not to be
confused with adaptation) to high altitude includes some increase in hemoglobin af-
finity for oxygen, but this appears not to be s0.2 Of course, there is a short-lived shift
of the OHDC to the right early in exposure to high altitude due to the acute elevation
of intraerythryocytic 2,3 DPG, but that effect is largely overcome by the simulta-
neous respiratory alkalosis associated with hyperventilation. It is significant that the
fine tuning of P_ by 2,3 DPG is not a uniform capability in mammals.’ Those species
with a naturally high P, have very low intrarythrocytic concentrations of 2,3 DPG
and their hemoglobins are largely unresponsive to additions of this compound. Spe-
cies with a low P, have higher concentrations and their hemoglobins react in the
expected way (Fig. 9).

Further considerations of optimality
“Efficiency” of O, exchange.
The slope of the OHDC (dSO,/dPO,) is related to the P, and it is also a measure

of the efficiency of oxygen exchange'®; this can be an important aspect of the process
when oxygen consumption rates and oxygen extraction are high, as in muscular exer-

Blood Oxygen Affinity in Deer Mice

37 1 5 o)
v

o) o] o
T © 0
g 35 - v .
= i m
g 33 ‘~ % A “I °
& . "

o . s ¥
o

1
0 1000

i | 1
2000 3000 4000

Altitude (m)

Figure8 P_ of ten subspecies of deer mice living at different altitudes, Taken from Snyder'” and reproduced
with permission of the authors and the North Holland Press.
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Figure 9 Red cell concentrations of 2,3 DPG in two groups, one characterized by a high P, , the other,

low PSO, and the reaction isolated hemoglobin solutions of each to added 2,3 DPG. From Bunn®, reproduced

with permission of author and publisher.

Q -

cise. dSO,/dPO, is higher in animals with high hemoglobin oxygen affinity, and it
may be this property which is of significance for large animals. Their capacity for
heavy exercise, often with impressive endurance, is generally greater than for small
animals. Further, mammals® and birds*'¢ with low P, can reach extremely low venous
PO, values and still maintain tissue oxygen consumption. The bar-headed goose, for
example, almost completely extracts blood oxygen when in flight. There is an, as yet,
unexplained feature of the tissues which permits normal function at low PO, when the
P is low, but there is apparently an increase of capillary density'® which would in-
crease the surface area and shorten the distance for diffusion.

Maximum dSO,/dPO, in all hemoglobins is usually found to be located below the
P, point. PvO, in that region (SO, about 38%) is fast approaching the critical value
for maintaining aerobic metabolism, and the significance, therefore, of achieving

maximum efficiency for exchange is apparent.

Compensatory polycythemia and oxygen transport

A hematopoietic response to hypoxia, and its resultant increase of blood oxygen
capacity, is a common phenomenon that is generally interpreted as an important mecha-
nism in acclimatization to high altitude. This response is not significant in animals
with a high hemoglobin affinity for oxygen® and, therefore, it is instructive to com-
pare the two cases, one a low P_, and the other, a high hematocrit, as mechanisms for
coping with hypoxia.

50°
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Figure 10 Oxygen content as a function of oxygen capacity and oxygen saturation, the latter shown as a
family of straight lines radiating from the origin. The arterial point is determined from the equation shown
which describes the hematopoietic response of humans. The arterio-venous content difference remains
constant in the three situations shown.

The effect of increasing the oxygen capacity on gas transport in hypoxia is best
seen on a plot that relates oxygen content to oxygen capacity as a function of hemo-
globin oxygen saturation which is conveniently expressed by a family of straight
lines.?! The arterial and venous points for a constant arterio-venous O, content differ-
ence are shown in Figure 10 as increasing hypoxemia develops, and there is the pre-
dictable accompanying hematopoietic response leading to increased blood oxygen
capacity. The linear equation shown expresses the normal human response which is
illustrated. The problem that arises when arterial oxygen saturation is decreasing si-
multaneously with the increasing oxygen capacity is that the arterial oxygen content
rises only slightly but then reaches a maximum and begins to fall in spite of increas-
ing polycythemia. The equation for hematopoietic response, as a function of arterial
saturation, becomes an equation for arterial oxygen content by multiplying through
by Sa0,. That result is a quadratic equation which can be solved for a maximum by
setting its differential equal to zero. Husson and Otis* first demonstrated this fact and
concluded that the optimum for arterial oxygen content is reached at an arterial oxy-
gen saturation of about 70% and oxygen capacity of about 32 volumes %. This would
represent acclimatization to an altitude of about 5500m, the highest, coincidentally, at
which permanent human residence has been established. The venous oxygen satura-
tion falls progressively with the diminishing arterial oxygen saturation (and constant
arterio-venous oxygen content difference) but less than would be the case if there
were no hematopoietic response. In Figure 11 the arterio-venous oxygen content dif-
ference widens; in hypoxia the venous oxygen saturation falls from the sea level
value of 50% to about 43%. On a standard human OHDC, PvO, would have fallen
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Figure 11 The same as Figure 9 except that the arterio-venous content difference is wider.

from about 30 to 25 torr. The range over which these examples of exchange take place
is slightly above the APO, where the shape (dSO,/dPO,)of the OHDC provides maxi-
mum efficiency.

The comparison of relative efficacy of the two cases—one with a low P, and the
other with a high O, capacity - in severe hypoxia requires consideration of oxygen
transport (cardiac output x Ca0O,) in each. In the case of developing hypoxemia and
its associated increasing O, capacity, CaO, was seen (Figs. 10, 11) to rise slightly up
to Sa0, of 70%, but cardiac output (Q) may be compromised by the high blood vis-
cosity. In anesthetized dogs data indicate a steady decline of Q as the hematocrit is
altered experimentally from 20 to 75%’ which would imply a proportional reduction
in oxygen transport in the hypoxic state, since CaO, up to SaO, = 70% remains almost
constant if the hematopoietic response is normal. However, unanesthetized, acclima-
tized animals show little or no reduction of Q while resting. Further, high altitude
acclimatized animals show an expansion of blood volume'* which accompanies the
rise in hematocrit (Fan’s experiments’ were isovolumic) and this may be a factor in
sustaining the cardiac output. In any case, the increase in blood viscosity must impose
an additional burden on cardiac work, a handicap at rest, but a more serious problem
in exercise. In fact, the hemodynamic response in exercise may be the crucial consid-
eration. In acclimatized rats exercising at VO, (max) Q increased a further 64% when
the hematocrit was experimentally reduced from 60 to 45%.%

The problems of decreased oxygen transport and increased cardiac work, espe-
cially during exercise, with elevated hematocrit, are minimized in animals with a
naturally high hemoglobin oxygen affinity. These animals do not increase their hema-
tocrit when hypoxic; in fact, their hematocrit sometimes increases at sea level.’ There
is also an unexplained negative correlation of total blood volume and P,’ which can
be shown, both interspecifically, and intraspecifically if P, is changed with NaOCN.
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The animals with low P, are capable of generating very large increases in cardiac
output as well as near maximal oxygen extraction bringing venous PO, close to zero,
the bar-headed goose* and duck’® being supreme examples. It is only at the severest
degree of hypoxia that the cardiac output begins to wane, probably reflecting a direct
myocardial depression.!®

The issue of a minimal tissue oxygen pressure, below which oxidative metabo-
lism cannot be sustained, can be approached through knowledge of venous PO,
Prediction of interspecific venous values at rest starts with the observation that car-
diac output is proportional to resting oxygen consumption rate, therefore, arterio-
venous oxygen content difference must be the same in all mammals under basal con-
ditions. Arterial PO, is slightly higher in small animals, but the lower P, in large
animals tends partially to correct potential differences of arterial oxygen content. If
CaO, were a constant, then so too would be CvO,, but now the high P, of small
animals will lead to a higher PvO, in those species. Data on this point are limited, but
what are available do not indicate a significant difference between large and small
animals. However, when oxygen consumption rate rises in exercise and oxygen ex-
traction increases, the small animals lose their advantage, because the efficiency of
unloading is less than in large animals as discussed above.

Summary

Small mammals, generally, have hemoglobins with a low O,-affinity (high Py
which favors O,-unloading in the tissues and may be regarded as an adaptation suited
to their high specific metabolic rate. Large animals, generally, have hemoglobins with
ahigh O,-affinity suitably adapted for life in hypoxic environments but also of advan-
tage in heavy exercise.

Optimizing O, extraction and maximizing venous PO, are functions of P, . Indi-
vidual species have evolved with P, ’s near the optimum for their habitat.

A comparison of the two strategies in the blood for adapting to high altitude,
hematopoietic response with resultant increase of oxygen capacity or hemoglobin
with a high oxygen affinity, suggests that the latter is the more favorable. A high
hematocrit in the hematopoietic strategy leads to increased blood viscosity and in-
creased cardiac work, even if cardiac output is maintained at rest, but in exercise the
cardiac output response is below normal, and, therefore, oxygen transport is compro-
mised. Animals with a low P, have normal, or even low, hematocrits, are not handi-
capped by a high blood viscosity and are capable of achieving very high cardiac
outputs and high rates of convective oxygen transport in exercise.
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CHAPTER 7/
HYPOXIC VENTILATORY
CONTROL AND
HEMOGLOBIN OXYGEN
AFFINITY

Dona F. Boggs
Division of Biological Sciences
The University of Montana
Missoula, Montana 59812

Introduction

The arterial partial pressure of oxygen at which a ventilatory response is initiated,
known as the “hypoxic ventilatory threshold” (HVT), varies considerably between
species. Comparative studies suggest a number of correlates with these differences in
hypoxic sensitivity including size and adaptations to hypoxic habitats, but a common
and perhaps mechanistically more proximate co-variant is the affinity of the animal’s
hemoglobin for oxygen. The patterns of interspecific and intraspecific variation in
hypoxic ventilatory threshold will be reviewed to determine how they may or may
not relate to the characteristics of the animal’s hemoglobin, including quantity and
affinity, and how that in turn may relate to the role of heme-proteins in oxygen-sens-
ing mechanisms within the carotid body type-I cells.

Interspecific Comparisons

Boggs and Tenney'? described a relationship between the ventilatory response to
12% inspired oxygen and body size that had a slope of -0.25, using mammals whose
body masses varied from 0.04kg to 400kg. Smaller mammals exhibited a greater
increase in ventilation than large ones at the same level of inspired oxygen. This
seemed reasonable insofar as the smaller mammals have a higher mass-specific me-
tabolism and hence a need to deliver oxygen to their tissues at a proportionately higher
rate. If the receptors responsible for driving ventilation do so in response to the ratio
between the rate of oxygen delivery to the tissues and the rate of oxygen consumption
by those tissues, and the subsequent PvO,, then species with higher metabolic rates
per gram of tissue should have a more brisk ventilatory response to any given level of
hypoxia. It should be noted, however, that this inverse relationship between size and
hypoxic response was not confirmed in another study by Frappell et al'® who sug-
gested that the response to 10% oxygen was roughly equivalent in marsupial and
eutherian mammals 0.008-50 kg. This issue is confused by the fact that small mam-
mals tend to reduce their metabolic rate in response to hypoxia and therefore one
really must use convection requirement (the ratio of ventilation to metabolic rate) as
the index of response rather than the ventilation alone, and if one does that then there
is at least some indication that smaller mammals have a greater response than large
ones to a given level of inspired oxygen in the Frappell ez al study as well.
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Figure 1 A. Relationship between ventilatory response to 12% O, and body mass, redrawn from 12. B.
Relationship between mass-specific metabolic rate and body mass, redrawn from equation in ref.43. C.
Relationship between hemoglobin P50 and body mass, redrawn from equation in ref 42.

In any case, if we assume for the moment that there is an inverse relationship
between size and hypoxic ventilatory response (Fig. 1a; Ref. 12), this could reflect
either the similar relationship between size and mass-specific metabolic rate (Fig. 1b;
Ref. 43), or the relationship between size and the affinity of hemoglobin for oxygen
(Fig. 1c), wherein the hemoglobin of smaller mammals tends to have a lower affinity
for oxygen than that of the larger mammals*>. Walsh* recently studied the small (40g)
lesser spear-nosed bat, Phyllostomus discolor, as a convenient subject to distinguish
between those alternatives—i.e. do smaller mammals have a brisker hypoxic response
because they have a higher mass-specific metabolic rate or because they have a lower
affinity hemoglobin. This bat is unusual in having quite a high affinity hemoglobin in
spite of its small size and high mass-specific metabolic rate. The response of the
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Figure 2 Percent change in convection requirement with varying inspired partial pressure of oxygen in
lesser spear-nosed bats (solid line) compared to laboratory mice (dashed line). Redrawn from 46.

lesser spear-nosed bat to hypoxia was compared to that of a similar sized laboratory
mouse who has a lower affinity hemoglobin. If the mechanistic link between size and
hypoxic response is mass-specific metabolic rate then they should have similar re-
sponses, but if the more appropriate link is hemoglobin affinity, then the bat should
have a reduced response compared to the mouse. The bat with the lower P50, higher
affinity hemoglobin, exhibits a lower threshold to its hypoxic response (expressed as %
change in convection requirement to take account of the hypoxic hypometabolism of
these species) than the mouse with its higher P50, lower affinity hemoglobin (Fig. 2).

Examples of this phenomenon are repeated in comparisons between species of
the same size who have differing hemoglobin affinities due to adaptations to hypoxic
environments whether they be fossorial or high altitude environments. Arieli and Ar’
found that the fossorial mole rat has a lower threshold to its hypoxic ventilatory re-
sponse than the white rat of similar body size and has a correspondingly lower P50
(Fig. 3). Figure 4, redrawn from van Nice et al,* demonstrates the same phenomenon
for three other mammals, including the high altitude-adapted llama.

John Weil et al®® noted long ago in humans that the hypoxic ventilatory response
curve corresponds quite well to an inverted hemoglobin saturation curve wherein the
range of PaO, over which the hemoglobin begins to desaturate corresponds to the
range of PaO, over which the ventilation begins to increase. This seems to be the case
for other mammals as well and the same general trends can be seen in birds in Fig. 5.
The rhea'® and bar-headed goose® have higher affinity hemoglobins and associated
lower hypoxic ventilatory thresholds when compared to the pheasant' or the burrow-
ing owl (Kilgore, unpublished). The degree of desaturation of the hemoglobin that
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Figure 3 Ventilation in response to declining inspired oxgyen levels in the mole rat (circles) with a high
affinity hemoglobin compared to the laboratory white rat (squares) with a lower affinity hemoglobin.
Redrawn from 4 and 5.
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corresponds to the HVT varies considerably between species and depends upon how
the HVT is defined (i.e. how much of a change in ventilation is considered to repre-
sent the threshold) and whether the hypoxic response is isocapnic or hypocapnic. The
HVT is usually defined as the highest PaO, at which a statistically significant change
in ventilation occurs. A change in ventilation in excess of 10% was used as the HVT
to generate the values from literature data presented in Table 1 and Fig. 10. HVT
ranges from 75-95% saturation and tends among mammals to be higher for those with
a higher affinity hemoglobin (human, llama, ground squirrel). The woodchuck, por-
cupine and birds HVT is at lower % saturation but they were all studied under
hypocapnic (or poikilocapnic) hypoxic conditions and birds as a group may be differ-
ent in this regard. The dissociation curves of high affinity hemoglobins tend to be
very steep over their desaturating range compared to those of lower affinity hemoglo-
bins. Van Nice et al*s point out that the slopes of the ventilatory responses plotted
against saturation also tend to be much steeper for those species with higher affinity
hemoglobins.

Table 1.
Species %Sat at HVT P50 Reference
Rat 75-85% 47 @)
Cat 86% 36 (45)
Llama 92% 23 45)
Ground Squirrel 92% 18 37
Woodchuck and 70-75% 28 (11)
Porcupine 31
Human(isocapnic) 95% 27 50)
Pheasant 85% 42.4 (10)
Rhea 80% 30.5 (10)
Bar-headed Goose 60% 27.2 9
Burrowing Owl 80% 42.3 Kilgore

Intraspecific Comparisons

What kinds of relationships can be seen intraspecifically between hemoglobin
characteristics and hypoxic ventilatory response? Many studies have addressed the
question of whether it is oxygen content of blood at any given PaO, that is important
in stimulating ventilation or only the partial pressure of oxygen in arterial blood.
Reducing the amount of hemoglobin by inducing various levels of anemia has been
shown in goats*' and rats® to have little effect on ventilation but substantial effects
upon cardiac output. This has been demonstrated in other tetrapod groups as well.
Among birds, ducks have been shown to exhibit no ventilatory response to declining
hematocrit but a substantial increase in heart rate (Boggs and Tenney, unpublished)
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(Fig. 6). A similar pattern has recently been demonstrated in an amphibian, the toad,
by Tobias Wang et al*’.

Changing oxygen content without changing hematocrit by binding carbon-mon-
oxide to hemoglobin tends to stimulate aortic chemoreceptors far more than carotid
chemoreceptors®* and cardiovascular more than ventilatory responses. It has been sug-
gested that the very high blood flow in the carotid bodies makes them relatively in-
sensitive to changes in oxygen content but quite sensitive to changes in partial pres-
sure of oxygen in the perfusate (be it plasma or whole blood). There are reports however
of significant ventilatory responses to the fall in oxygen content associated with car-
boxyhemoglobinemia in cats??* and more recently in golden-mantled ground squirrels®.

Although there appears to be a reasonably consistent correlation between hypoxic
ventilatory threshold and hemoglobin affinity interspecifically a less consistent pic-
ture emerges from intraspecific studies of the effects of varying hemoglobin affinity
on hypoxic ventilatory response. Birchard and Tenney” increased the affinity of he-
moglobin in a test group of rats by treating them with sodium cyanate for three weeks.
The hypoxic ventilatory responses of the rats with artificially elevated hemoglobin
affinity did not differ significantly from that of control rats (Fig. 7). A similar lack of
effect of varying Hb affinity on hypoxic response was observed in goats in a study by
Santiago and Edelman*' wherein the change in P50 occurred in response to chronic
anemia.

Genetic variations in hemoglobin affinity can also be used to assess the intraspe-
cific affects of affinity on hypoxic ventilatory response. In humans a genetic variation
in hemoglobin affinity is represented by the high affinity Andrews-Minneapolis Hb
(with a § chain mutation). A study of members of the same family with and without




HYPOXIC VENTILATORY THRESHOLD AND HEMOGLOBIN AFFINITY

% CHANGE IN VENTILATION

HEART RATE

60

40

20

350

300

250

200

150

MALLARD DUCKS

T

I

T

10 20 30
HEMATOCRIT

T

T

T

T T I

| | |

10 20 30
HEMATOCRIT

75

Figure 6 Effect of declining hematocrit on heart rate and ventilation in three matlard ducks (from Boggs
and Tenney, unpublished).




76 BOGGS

100 T T T T
80 |- /o /o .
> o RATS
o
e 80r ® CONTROL |
< . Pyo=36
|_
X 40 O CYANATE |
2 /. Pso =23
20 O @ -
O } | ! |
0 20 40 60 80 100
PaO2
120 ] ]
pd - i
3 100
-
S sof .
=
Z ool ® CONTROL |
> O CYANATE
=
T 40|
S
< 20F
I
(@]
R Or
-20 ! I .
40 60 80 100
PaO2

Figure 7 A. Effect of chronic sodium cyanate treatment upon hemoglobin oxygen affinity in rats. B.
Comparison of ventilatory response to hypoxia in sodium cyanate treated (open circles) and control (solid
dots) animals illustrating no difference in hypoxic ventilatory response in spite of differences in hemoglo-
bin oxygen affinity. Redrawn from 7.

this type of hemoglobin revealed no difference in hypoxic response?. On the other
hand genetically distinct hemoglobins of varying affinity are found to occur naturally




HYPOXIC VENTILATORY THRESHOLD AND HEMOGLOBIN AFFINITY 77

RESPONSE TO 9.3% OXYGEN IN SHEEP WITH
HIGH(A) AND LOW(B) AFFINITY HEMOGLOBINS
{Dawson and Evans, 1966)
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Figure 8 Comparison of the ventilatory response to 9.3 % oxygen in sheep with high affinity hemoglo-
bin (A) and normal hemoglobin affinity (B) indicating a relatively reduced ventilatory response to hypoxia
in the sheep with a high affinity hemoglobin. Data from 15,

among sheep, and in this case there is a correspondence between a higher affinity
hemoglobin and a lower hypoxic ventilatory threshold" (Fig. 8).

Another naturally occurring cause of variation in hemoglobin affinity
intraspecifically and within an individual is changing temperature. The effects of chang-
ing body temperature on both hemoglobin affinity and hypoxic ventilatory response
can be observed in poikilothermic endotherms such as hibernating mammals and in
poikilothermic ectotherms such as reptiles. Maginniss and Milsom* have shown both
a temperature dependent and a temperature-independent hibernation effect upon the
hemoglobin affinity of golden-mantled ground squirrels. The hibernation effect in-
creases the affinity of the hemoglobin through decreased concentrations of organic
phosphates and increases the amount of hemoglobin, while the decreased tempera-
ture during hibernation also induces a large shift of the curve to the left. A substantial
temperature dependent increase in hemoglobin affinity has also been described for
hibernating hedgehogs' and thirteen-lined ground squirrels®. Associated with the
low body temperature and the increased hemoglobin affinity during hibernation is a
change in the hypoxic ventilatory response of golden-mantled and columbian ground
squirrels as demonstrated by McArthur and Milsom® (Fig. 9).

Reptiles exhibit a similar pattern relating changing hemoglobin affinity
intraspecifically or individually with changing temperature to shifts in the hypoxic
ventilatory response. Glass et al”® show this beautifully in the freshwater turtle,
Chrysemys picta bellii, (Fig. 9). A similar pattern is seen in the Mexican black iguana'’
and another turtle Pseudomys scripta®. The pattern is qualitatively the same as ob-
served in mammals with temperature induced changes in affinity or with interspecific
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Figure9 A.Percent change in ventilation in golden mantled ground squirrels, Spermophilus columbianus,
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B. Percent change in ventilation and percent hemoglobin saturation in the fresh water turtle, Chrysemys
picta bellii, as a function of arterial partial pressure of oxygen at 30" (solid symbols) and 10° C (open
circles). Data from 23.
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differences in affinity except that in mammals the hypoxic threshold tends to corre-
spond to a higher level of saturation than is seen in reptiles whose normal arterial
saturation is lower due to cardiac shunts.

Figure 10 summarizes some of the data for several species of birds, mammals,
and reptiles on HVT and P50. There is clear trend for HVT to increase as P50 in-
creases. The considerable scatter in the data for birds and mammals reflects the vari-
ability between studies in such important confounding factors as measurement tech-
niques and concommitent hypocapnia which would shift the HVT to lower PaO,s and
may do so to different extents in different species. A systematic comparative study
using consistent techniques and isocapnic hypoxia is needed and may reveal a tighter
relationship. Nevertheless there seems to be a clear correlation in broad interspecific
comparisons between HVT and P50.

O,-sensors In The Control of Breathing

We have seen inter- and intra- specifically a parsimonious pattern to ‘match’ the
hypoxic ventilatory response to hemoglobin affinity so as to avoid, on the one hand,
the work of increasing ventilation before declining partial pressures of oxygen have
caused significant desaturation of the hemoglobin, but to insure, on the other hand,
that ventilation is stimulated when hypoxia does become sufficient to compromise
saturation. The next obvious question to ask is, how does that pattern arise? What
mechanistic connection could there be between hemoglobin affinity and the hypoxic
ventilatory response? To address this we need to review the current understanding of
the transduction processes in oxygen sensors in general, and in the carotid bodies in
particular.

One potential connection may reside in the fact that cellular oxygen sensing mecha-
nisms in general appear to involve a heme-protein distinct from mitochondrial cyto-
chromes and of a much lower oxygen affinity. Such heme-proteins are associated
with enzymes such as NAD(P)H oxidases, catalases, guanylate cyclases, or with mem-
brane ion channels, and have been described in or ascribed to several oxygen-sensing
cell types including erythropoietin producing hepatoma cells?®?, neuroepithelial bodies
in the lungs™, smooth muscle cells in the pulmonary vasculature® and carotid body
type I cells"'*3133 (Table 2).

A variety of models are currently being explored to describe the specific roles of
these heme proteins at each of these sites. In neutrophils the NADPH oxidase pro-
duces oxygen radicals and H,0, to destroy phagocytized microbes. As Acker’ de-
scribes the model for eythropoietic cells, the heme protein is or is associated with an
NAD(P)H-oxidase that forms hydrogen peroxide (H,0,) which in this case is used as
a second messenger. A decline in tissue partial pressure of oxygen would lead to
reduced amounts of H,O, which in turn affects transcriptional factors that induce the
production of erythropoietin. In the carotid bodies the type I (or glomus) cells are the
transducers that sense changes in partial pressure of oxygen and convert that signal
into increased discharge frequency in the afferent nerve by releasing dopamine as a
neurotransmitter substance across synaptic contacts with afferent nerve endings. The
link between declining PaO, and release of neurotransmitter from type I cells may
also involve an NAD(P)H oxidase heme protein, H,0,, and/or other intermediaries
such as cGMP or cAMP which in turn alter the open-probability of membrane K*
channels®. Or it may be simpler than that. The simplest model places the heme-pro-
tein O,-sensor in the cell membrane in contact with or even as a part of the K*-chan-
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Figure 10 Summary of the relationship between P50 and HVT (Hypoxic Ventilatory Threshold) a: ex-
pressed in terms of PaO, for several mammals and birds - ground squirrel(open circle)®, llama (filled
circle), human (open triangle)’®, barheaded geese (filled triangle)?, woodchuck (open square)!, rhea (filled
square)'®, porcupine {open inverted triangle)"', cat (solid inverted triangle)®, burrowing owl (open
diamond)(Kilgore, unpublished), pheasant (filled diamond)'® and rat (dotted open circle)’.

b. HVT expressed in terms of inspired partial pressure of oxygen for the small mammals—bat (filled
circle)®, mole-rat (open circle)’, rat (filled square)’, and mouse (open square)®. c. HVT of the fresh water
turtle (filled circles)? and black iquana (open circles)'” as P50 changes with temperature.
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nel. Patch-clamp studies of isolated membrane K*-channels show a maintenance of
the Po,-dependence of the K* current” suggesting that intracellular second messen-
gers are not a necessary link between Po, and the state of K* channels. Figure 11
(redrawn from Ref. 25) depicts the simplest model of carotid type I cell transduction.
When tissue Po, is high enough the membrane-bound heme protein associated with
K* channels binds O, and in that configuration the ‘open-probability’ of the K* chan-
nel is high. When tissue Po, falls the membrane bound heme protein will become
desaturated and the resulting conformation change would reduce the probability that
the K* channel would be open. The reduced outward K*-current would depolarize the
type I cell membrane which would open voltage-gated Ca** channels. The Ca** influx
would cause the release of transmitter from the synaptic vessicles and thus increase
discharge frequency from the carotid sinus nerve stimulating the central respiratory
control centers to increase ventilation. The transduction mechanism may be more
complex than this, involving other simultaneous intracellular pathways, since the
magnitude of the neural response to K*-channel blockers is not as great as that in-
duced by hypoxia'®.

Table 2.

CELLULAR O,-SENSING SYSTEMS

ERYTHROPOIETIC CELLS NADPH OXIDASE
(b type cytochrome)
(24,26)

NEUROEPITHELIAL CELLS NADPH OXIDASE
(b type cytochrome)
O,-DEPENDENT K* CHANNELS
IN PLASMA MEMBRANE
(52)

CAROTID BODY TYPE I CELLS NADPH OXIDASE
(b type cytochrome)
O,-DEPENDENT K* CHANNELS
IN PLASMA MEMBRANE
(3, 33,34,25)

PULMONARY SMOOTH MUSCLE CELLS  O,-DEPENDENT K* CHANNELS
(40)

Other mechanisms for the hypoxic response have been suggested that involve a
lower affinity cytochrome aa, in type I cell mitochondria than in the mitochondria of
other cell types. Hypoxia would retard electron transfer through the electron transfer
chain resulting in a decreased proton electrochemical gradient which would lead to
the release of intramitochondrial Ca** as the stimulus for transmitter release®. How-
ever it has since become apparent that the mitochondria do not represent an adequate
source of Ca**. Lahiri’ has recently suggested a dual mechanism whereby the low
affinity extramitochondrial heme-protein associated with K* channels is responsible
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Figure 11 Model of the transduction mechanism of carotid body type I cells with a heme-protein O,-
sensor regulating the open probability of K* channels and therefore depolarization of the membrane with
hypoxia that opens voltage-gated Ca** channels. The Ca** influx stimulates neurotransmitter release to the
afferent neuron. Redrawn from 25.

for responses to higher PaO,s and the reduced mitochondrial ATP production (via
cytochrome a,) becomes important in transducing the lower PaO, signals. A ‘proactive’
regulatory system (as Hochachka and Matheson® would call it) that would respond to
declining PaO, well before it has any significant impact on mitochondrial respiration
seems a reasonable control system and would necessarily rely upon an
extramitochondrial cytochrome of much lower oxygen affinity than those within the
mitochondria and of moderately higher affinity than that of hemoglobin. Nonetheless
the important point for the present discussion is that all transduction mechanisms
currently under consideration involve a hemoglobin-like pigment (i.e. extramito-
chondrial b type cytochrome) acting as an O,-sensor. This intracellular or plasma
membrane integral heme-protein represents the potential link between hemoglobin
affinity and hypoxic sensitivity if a genetic connection can be made between them.
The possible genetic connections would seem to be rather limited. One scenario is
that genes for hemoglobin and the O,-sensor are quite distinct and the apparent ‘match-
ing’ of affinities merely refects the fact that they are subject to the same selection
pressures. The many interspecific examples of matching of hemoglobin affinity and
apparent O,-sensor affinity as reflected in the hypoxic ventilatory response could
simply reflect this kind of process. However another possibility is that the genes for a
family of heme-proteins including hemoglobin and the O, sensors do have some com-
monality. The sparse intraspecific data indicated on the one hand that it was possible
to alter the affinity of hemoglobin without apparently altering the affinity of the ca-
rotid body O, sensor in the Human genetic mutation creating the Andrews-Minne-
apolis type of hemoglobin. On the other hand, some other genetic change that led to
distinct hemoglobins in sheep also perhaps led to distinct O, -sensor heme-proteins in
the carotid bodies as reflected in the associated change in hypoxic sensitivity, sug-
gesting some connection between the genes for these two proteins. The intraspecific
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data on the parallel effects of temperature upon hemoglobin affinity and hypoxic
ventilatory response suggest there may be not only parallel oxygen affinities in the
hemoglobin molecule and the oxygen-sensor molecule but parallel effects of tem-
perature upon those affinities.

We need to know a great deal more about the nature of the heme-protein acting as
the oxygen sensor in carotid type I cells and about the genetics of that molecule and of
hemoglobin to know whether this speculation is remotely reasonable. When these O,-
sensor heme-proteins can be isolated it will be interesting to compare their affinities
and temperature coefficients to those of the hemoglobin of that species and to make
inter-specific comparisons as well.

Blunting of HVT

One final question arises in terms of the control of breathing. That is, although
this potential link between the hemoglobin affinity and the carotid O,-sensor affinity
helps us understand variations in hypoxic sensitivity between species or individuals,
what could it possibly have to do with the phenomenon of blunting of the hypoxic
ventilatory response within an individual after chronic exposure to hypoxia? This
phenomenon has been described in a number of species, and has been attributed to a
variety of both central and peripheral controls (see Ref. 49 for review). The work of
Tatsumi et al** demonstrates a reduced carotid chemoreceptor responsiveness to hy-
poxia as a likely cause of the attenuated ventilatory response to hypoxia (in this case
in cats chronically exposed to high altitude). But what could induce a shift in the
hypoxic sensitivity of the transduction mechanism? An individual is presumably stuck
with the intrinsic oxygen affinity of its O,-sensor heme-protein in its carotid bodies
just as it is stuck with the intrinsic oxygen affinity of its hemoglobin. The only way to
change it would be through some sort of allosteric modulators and when we learn
more about these molecules such a mechanism could be pursued. But another possi-
bility in the case of the O,-sensors involved in the transduction process is essentially
a ‘down-regulation’ in response to hypoxia - i.e. to reduce the number of PO,-dependent
K* channels (while increasing the relative numbers of other types of K* channels) and
hence their impact on membrane potential. A very recent study®' of O, sensitive K*
currents in carotid bodies from normoxic and chronically hypoxic rats suggests that
in the chronically hypoxic rat the reduced ventilatory sensitivity to hypoxia is associ-
ated with a reduced density of O,-sensitive K* channels and that an intracellular O,-
sensor system mediates the expression of O, sensitive K* channels just as an intracel-
lular O,-sensor system mediates the transcription of the erythropoietin gene.

Conclusions

A comparative analysis reveals a pattern of correlation between the hypoxic ven-
tilatory threshold and the PaO, at which hemoglobin begins to desaturate. This repre-
sents yet another example of optimization in animal design, insuring that ventilation
is not prematurely stimulated by PaO, levels that represent little or no compromise in
oxygen content but is stimulated to elevate PaO, when oxygen content does begin to
decline. The fundamental question in the evolution of physiological function is how
multiple functions within a system can come to be so well ‘matched’. The respiratory
system has presented many such questions that Weibel and Taylor*® have pursued for
the last decade in their ‘symorphosis’ model. This aspect of that system, namely the
potential matching between hemoglobin affinity and the oxygen affinity of an O,-
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sensor heme involved in the control of the hypoxic ventilatory response and the eryth-
ropoietic response, presents a potentially rewarding avenue for investigation. A great
deal is already known about the structure and genetics of hemoglobin. If the heme-
protein acting as the O, sensor in carotid bodies could be isolated and both proteins
studied biochemically, genetically and functionally in a comparative and phyloge-
netically appropriate way it would offer the potential for great progress in unravelling
the evolutionary mechanisms for ‘matching’ function.
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CHAPTER 8
THE HALDANE-BARCROFT
DEBATE

Charles S. Houston, Chairman

The meeting will be in order. This is the thirteen hundred and twentieth meetin
of this Society since it was founded. :

The Society has the honor of welcoming Professor Joseph Barcroft and Professor
John Haldane, distinguished members who will address us this evening.

Fellows will recall that on December 15th, 1922, three years ago, Professor Barcroft
and Professor Haldane presented their positions in respect to the passage of oxygen
from the lungs into the capillaries of the lungs. Since then several papers on this
subject have appeared but there is some disagreement. One school believes that oxy-
gen passes by simple diffusion, the other that oxygen is secreted “uphill” as it were
from lung to blood.

The argument of the debate this evening is

RESOLVED THAT THE LUNGS SECRETE OXYGEN

Professor Haldane represented by Dr. West will take the affirmative, while Pro-
fessor Barcroft, represented by Dr. Milledge will take the negative. The debate is
governed by Oxford rules.

After the rebuttals, and the Judges’ decision, the Chair will entertain comments
and discussion from the floor.

The Proposition: That the Lungs Secrete Oxygen
For the Affirmative: John Haldane and John West
For the Negative: Joseph Barcroft and James Milledge

The Oxford Rules

1. The Affirmative speaks first, followed by the Negative. Then the Affirmative
gives its rebuttal, followed by the Negative’s rebuttal. Each side will have twenty
minutes for its case, and five minutes for rebuttal.

2. The affirmative may make any reasonable definition of terms in the proposi-
tion; the negative may challenge this. The Chair will rule. Once definitions are agreed
they may not again be challenged or changed.

3. The affirmative must present everything required by the proposition, and may
attempt to prove whatever parts it wishes.

4. Neither side may revise its position during the debate.

5. The burden of proof is on the affirmative which must give enough evidence to
prove its case. All data relevant to the case may be presented.

6. No new constructive arguments or data may be offered in the rebuttals, except
that either side may present new evidence in the rebuttal if it is essential for refuting
a statement by the other side. If challenged, the Chair will rule.
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7. During the last rebuttal, if one side believes the other has misquoted or has
introduced inaccurate facts or is violating the rules, it may appeal to the Chair, and
that appeal time will not be charged against that side.

8. During the constructive presentation, either side may ask the other a reasonable
number of questions. If he makes clear that this is not a rhetorical question and that he
really expects an answer, the other side must answer unless he can show a good rea-
son for not doing so.

9. Restatement or quotation of the other side’s argument must be accurate. Facts,
presented as facts in the debate, must be accurate.

10. A panel of three judges will be appointed in advance to decide which side won.
After this decision, the audience will be asked to vote on the merits of the debate, by a
show of hands. The floor will then be opened for discussion for another 15-20 minutes.

For The Motion: Professor Haldane (John West)

It is certainly a special pleasure and an unexpected opportunity to present my
ideas on oxygen secretion in the lung after so long. I have to say that the winters here
in Oxford seem to be more severe than I remember. Nevertheless it will be a pleasure
to convince my friend Barcroft of the error of his ways.

First I should make clear that the notion of oxygen secretion in the lungs was not
originally my idea, although I would be happy to take credit for it. Pfliiger in Bonn
attributed the notion to Ludwig in Leipzig, although in point of fact he misquoted
Ludwig. Incidentally it is amusing to read the acrimonious exchanges between these
competing German schools. I flatter myself that we conduct our scientific discourse
in a more gentlemanly fashion, as exemplified by our discussion this evening.

The notion of oxygen secretion in biological tissue originated with the French
physicist Jean-Baptiste Biot in 1807. He was studying the gas in swim bladders of
fish in the Mediterranean, and attempted to analyze the composition of the gas by
adding a small amount of hydrogen to a sample and passing an electric spark through
the mixture. He was suitably astonished when the glass eudiometer was shattered
with a violent explosion. He realized that this implied that the swim bladder gas had
a high concentration of oxygen, and later showed that this was over 80%. Since the
oxygen partial pressure in the swim bladder gas was far higher than in the surround-
ing water, he concluded that oxygen was being secreted.

This work was extended by Moreau who showed that fish could regulate gas
secretion into the swim bladder to control their buoyancy. Subsequently my friend
Bohr in 1894 showed that the gas production could be prevented by cutting the branches
of the vagus nerve that go to the swim bladder®. Since the swim bladder like the lung
is a diverticulum of the gut, it is not a big step to envisage oxygen secretion in lungs
as discussed in the chapter devoted to this topic in my book Respiration written with
Priestley’.

Some of the best early data showing oxygen secretion by lungs comes from the
laboratory of Bohr who was a pupil of Ludwig. In his 1891 paper “Uber die
Lungenmatung” (On Pulmonary Respiration) he compared the PO, in the arterial
blood and alveolar gas'. The PO, in the blood was determined using a haemataerometer,
a device whereby a small bubble of air is exposed to the blood until equilibration of
the partial pressure occurs. The alveolar gas was sampled with a thin catheter at the
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tracheal bifurcation during expiration. Figure 1 shows that with the animal breathing
air, the arterial PO, was as much as 30 mmHg above the alveolar value. In addition,
the alveolar PCO, exceeded the arterial value by over 12 mmHg in several instances.
Figure 2 shows that when the animal was breathing a gas containing carbon dioxide,
the alveolar PCO, exceeded the alveolar value by as much as 30 mmHg. These results
clearly show that the lung was secreting both oxygen and carbon dioxide against a
partial pressure gradient.

A year or two after these experiments had been carried out, I visited Bohr’s labo-
ratory in Copenhagen with my good friend Lorrain Smith. We were very impressed
by the experimental data. Bohr referred to the secretion ability of the lung as its “spe-
cific function” (spezifische Titigkeit), and later showed that this required the lung to
consume substantial amounts of oxygen®.

1 was more interested in human lungs than animal lungs, particularly since I was
studying the air in mines and was concerned about the physiological consequences of
atmospheres with low oxygen concentrations. The mines frequently contained carbon
monoxide and I therefore had studied this gas and its combination with blood. We
conceived the idea of measuring the PO, in arterial blood from the relative concentra-
tions of carboxyhemoglobin and oxygenated hemoglobin. The appropriate equation is:

PCO  _ [HbCO]
PO [HbO,]

2

and the constant M could be measured in vitro. This approach obviated the need for
measurements using an aerotonometer which involved many potential errors.

Our first study was published in 1896 entitled “The Oxygen Tension of Arterial
Blood.” In this we showed that normal arterial blood has a PO, of about 200 mmHg
during air breathing, that is about twice the alveolar value’. Because of the great
interest of this result, we then carried out a large series of experiments on various
animals including mice, birds and dogs. The results were published in 1897 in a paper
entitled “The Absorption of Oxygen by the Lungs” where we showed that arterial
PO, always exceeded the alveolar value®. Thus, as we stated at the end of the paper,
“the absorption of oxygen by the lungs . . . cannot be explained by diffusion alone.”
We further showed that reducing the inspired oxygen concentration increased the
relative excess of arterial over alveolar PO,. We concluded therefore that the “want of
oxygen acts as a stimulus to absorption of oxygen.”

Regrettably, we later realized four possible sources of error in our method using
carbon monoxide. First, we had used an inaccurate shape for the oxygen dissociation
curve. Next, we had assumed that the constant M was the same for all species of
hemoglobin, but later we showed that this was not the case. We also realized that
bright light can cause dissociation of carboxyhemoglobin. Finally, there was a ques-
tion of whether we had allowed sufficient time for equilibration between the carbon
monoxide in the alveolar gas and the blood.

My friend Douglas and I therefore carried out a new series of experiments which
we published in 1912 “The Causes of Absorption of Oxygen by the Lungs.” We used
the carbon monoxide techniques as before, but this time gave great attention to the
potential sources of error listed above, and particularly the time required for equili-
bration between alveolar gas and arterial blood®. We used the technique of initially
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loading the blood with a high concentration of carbon monoxide, and then allowing a
period of equilibration during unloading when the subject was connected to a closed
circuit. Equilibration periods of between 20 minutes and 1 hour were used.

The results of these experiments carried out on ourselves are shown in Figure 3.
Note that at rest, the alveolar and arterial PO, values were essentially the same. This
meant that there was no oxygen secretion at rest. However we were able to show that
under certain conditions the arterial PO, exceeded the alveolar value. This evidence
for oxygen secretion was seen in 3 situations: when we inspired a low oxygen mix-
ture, during carbon monoxide poisoning, and during muscular work. We therefore
concluded that although the lung does not require oxygen secretion under resting
conditions, when an abnormal stress is placed on the organ, oxygen secretion is called
into action.

The question of adequate equilibration time for carbon monoxide between alveo-
lar gas and arterial blood has been debated at some length, and I would not be sur-
prised if my friend Barcroft raises this old chestnut again. Let me just say that our
mutual friend, Hartridge, published a series of experiments in 1912 (“Experiments on
the Oxygen Secretion in the Lung of Man by the Carbon Monoxide Method”) using
an identical equilibration technique’'. He was not able to find any evidence of oxygen
secretion which strongly suggests that problems with equilibration were not respon-
sible for our results. Presumably Hartridge’s different conclusions can be explained
by his use of a spectroscopic method for measuring carbon monoxide' and its associ-
ated errors.

Of course these experiments in which carbon monoxide was inhaled in substan-
tial concentrations involved some risk. However I would like publicly to deny the
implication in my wife’s autobiography that I was responsible for the death of the
Italian physiologist, Professor Angelo Mosso because of a displaced decimal point in
a publication in the Journal of Physiology which resulted in his breathing a lethal
mixture!®. As my son Jack remarked about his mother’s biography, the mean was
about right but the standard deviation was excessive.

Our most elaborate investigation of oxygen secretion was that carried out during
the Pike’s Peak Expedition of 1911. The investigators were Douglas and myself as-
sisted by two Americans, Henderson and Schneider. We used the same carbon mon-
oxide equilibration technique such that about 20% of the hemoglobin in the arterial
blood was bound to carbon monoxide. Every precaution was taken to avoid errors,
and the results were quite unmistakable*. As soon as acclimatization to the low baro-
metric pressure was established, the arterial PO, became considerably higher than
that of alveolar gas. Figure 4 shows the results. Under resting conditions on acclima-
tized persons on Pike’s Peak, the arterial PO, was about 70% above the alveolar value.
When air enriched with oxygen was breathed, the difference between the arterial and
alveolar PO, values fell to 8 or 10%. In one subject investigated immediately on
arrival at the summit, the arterial PO, was only about 15% above the alveolar value,
whereas three days later after acclimatization, the excess was 100%.

I cannot leave our Pike’s Peak Expedition without referring briefly to criticism,
no doubt well intentioned, of our relationships with Miss Mabel FitzGerald who ac-
companied Douglas and myself from Oxford. Naturally we could not allow the un-
chaperoned Miss FitzGerald to share our accommodations in the small hotel on the
summit. It is very much to her credit that she spent the time visiting mining camps in
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Colorado accompanied only by a mule, and that she carried out some really quite
important physiological measurements on the composition of alveolar gas and blood
hemoglobin concentration of miners at a range of altitudes.

A final series of experiments was carried out with Kellas and Kennaway and
published in 1919 (“Experiments on Acclimatization to Reduced Atmospheric Pres-
sure”). These studies were carried out in a low pressure chamber in London where we
were exposed for 6 to 8 hours to pressures of 500, 430 and 300 mmHg on three
successive days’. These experiments showed clear evidence of acclimatization in spite
of no lasting changes in alveolar PCO,, blood reaction (pH), or hemoglobin concen-
tration. It seems unmistakable that the acclimatization was caused by oxygen secre-
tion by the lungs.

For those of us with a broad interest in biology, and respect for the special proper-
ties of living organisms, the fact that the lungs can actively secrete oxygen comes as
no surprise. The mechanistic theory of life popularized by such masters as Huxley in
the last century is now outworn and must soon take its place as a passing phase in the
development of biology. The time has come for a far more clear realization of what
life implies. The bondage of biology to the physical sciences has lasted more than
half a century but the time has come to realize that organic regulation and mainte-
nance represent something very real.
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Figure 1 Table 1 from Bohr' showing evidence for secretion of both oxygen and carbon dioxide by
lungs. The third and sixth columns show the differences between arterial blood and alveolar gas (sampled
at the tracheal bifurcation). Bold numbers show where the PO, was higher in arterial blood than alveolar

gas, and where the PCO, was higher in alveolar gas than arterial blood.
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Figure 2 Table 2 from Bohr'. Same format as in Figure 1 but here the animals breathed a gas mixture

containing carbon dioxide. It can be seen that this increased the alveolar-arterial PCO, difference.
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Figure 3 Table from Douglas and Haldane® showing evidence for oxygen secretion. The last column on

the right shows the arterial PO, as a percentage of the alveolar value. Note that there was no consistent

difference when the subjects breathed air or high oxygen at rest. However during low oxygen breathing, or

work, the arterial PO, was considerably higher than the alveolar values.
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Figure 4 Table from Haldane and Priestley’ showing results from the Pike’s Peak Expedition. The last

two columns show the PO, in alveolar air and arterial blood. It can be seen that in all instances the arterial

value was higher.
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AGAINST THE MOTION: PROFESSOR BARCROFT (Jim Milledge)

Mr. Chairman, my Lords, Ladies and Gentlemen, as I rise to speak against this
motion, so ably proposed by my friend Professor Haldane, I do so with considerable
trepidation and indeed some reluctance for three reasons.

First because the hypothesis that the lungs secrete oxygen is a very attractive one.
It is much more exciting than the opposing view that simple diffusion of oxygen
down a pressure gradient is sufficient to account for the oxygen needs of the body. If
my learned friend were to be correct what vistas of interesting study are opened up!
Under what circumstances is oxygen secreted? What is the energy utilized? Can training
or altitude acclimatization enhance secretion? A physiologist could be kept in busi-
ness for life.

Second you have heard the evidence for the motion which is not inconsiderable
from the work not only of Professor Haldane but some eminent continental physiolo-
gists as well.

And thirdly because I have the highest regard for the proposer of the motion. As I
wrote in my review of his book, “Respiration”; “No one who turns the pages of this
book, can but be impressed with the enormous advance which has been made in the
physiology of respiration in the last thirty years, and the degree to which that advance
has been due to Haldane’s work and to the stimulating influence which he has wielded
over the minds of others” myself, included. As many of you know I have worked with
Professor Haldane as his junior colleague and owe him a great debt for his influence
on my approach to physiology.

And yet as scientists we must not let this sort of consideration come between us
and our search for scientific truth. I know that my learned friend is at one with me on
this. Though I find myself in disagreement with Professor Haldane in this matter of
oxygen secretion I wish to assure him and all of you that it in no way diminishes my
very high regard for him as a man and as a physiologist.

Occam’s Razor

Let us be clear as to the basis of this debate. Both sides are agreed that the princi-
pal mechanism for the passage of oxygen across the membranes of the lung, from air
in the alveoli to the blood in the lung capillaries is by passive diffusion. We on this
side of the house maintain that this mechanism is adequate under all circumstances,
while those supporting the motion, maintain that under circumstances of oxygen short-
age, ie under conditions of severe exercise or at high altitude, the lungs can also
secrete oxygen. Occam’s razor, obviously applies to this situation. “Entia non sunt
multiplicanda praeter necessitatem” (Entities ought not to be multiplied except from
necessity). For our purpose this can be rendered as, “Simple or single mechanisms are
to be preferred to complex or multiple ones”. Thus if diffusion is adequate we ought
not to “multiply entities” by bringing in secretion as well. Thus the onus of proof is on
the other side.

Before considering the evidence for and against secretion let me add, as I have
written in my book “Lessons from High Altitude”; “At times I have heard persons
speak as though there was some inherent absurdity in Haldane’s theory and as though
it were intellectually unworthy of the great man . . . Let me say I am quite out of
sympathy with such statements. It seems to me to be a very good theory. . . . The
question is not whether it is a good theory but whether it is really supported by the
facts”.




OXYGEN SECRETION: THE HALDANE-BARCROFT DEBATE 97

EVIDENCE FOR SECRETION OF OXYGEN BY THE LUNG

You will have heard my friend Haldane display the evidence for the motion with
his customary eloquence so I will be brief. Before the beginning of this new century
although some physiologists on the continent of Europe claimed evidence for secre-
tion, the apparatus used was not in any way accurate enough for the task in hand. The
same criticism I’'m afraid can be levelled against the work in this field of another
great physiologist, Christian Bohr who claimed secretion not only of oxygen inwards
but of carbon dioxide outwards. I must add that in other areas of his work Bohr made
enormous contributions. And of course he stimulated his young colleague, August
Krogh, to carry out his work with his wife Marie on this topic, of which more later.

So the only substantial work we have to consider is the series of studies from the
Oxford school over the period 1896 to 1913 using the carbon monoxide method to
obtain a value for arterial PO,. The earlier work of Haldane and Lorain-Smith was
later withdrawn because they had used results from dilute ox blood to derive a value
for the relative affinities of haemoglobin for oxygen and carbon-monoxide. We are
left therefore with the work reported in their 1912 paper (Douglas and Haldane 1912)
and the Pike’s Peak Expedition (Douglas et al 1913).

From the sea level laboratory work reported in the 1912 paper Douglas and Haldane
concluded that when breathing air or with added oxygen there was no oxygen secre-
tion but when they lowered the inspired oxygen percentage or when they had their
subjects exercise, secretion became evident. The arterial PO, was about 9 mmHg
higher than the alveolar. Note that their subjects would have only been exposed to
low oxygen for a few minutes or an hour at most.

Then we have the evidence from Pike’s Peak. Fifteen experiments were conducted
on five subjects. All results gave a higher arterial than alveolar PO,. For subjects
acclimatized and breathing air the mean difference was 35.8 mmHg. When oxygen
was breathed the difference was reduced to 10 to 21 mmHg. In one subject a differ-
ence of only 7 mmHg was found on the day of arrival at altitude but by the 3rd day
this had increased to 40.7 mmHg. Clearly if taken at their face value oxygen secretion
must be considered as a likely interpretation of these results.

Consequences of secretion

Before considering the evidence against oxygen secretion, I would like to make
an observation on the consequences of oxygen secretion to the degree suggested by
Haldane. If indeed secretion results in the arterial PO, being in the range 85 to 104
mmHg as reported from Pike’s Peak, then the saturation would be greater than 95%
and with the well known increase in haemoglobin concentration, the oxygen content
of the arterial blood would have been actually higher than at sea level! Why then do
acclimatized mountaineers feel breathless at altitude and have a reduced work capac-
ity, and what is the stimulus for maintaining the increased red cell production?

EVIDENCE AGAINST OXYGEN SECRETION

Work of the Kroghs

Starting in 1906 August and Marie Krogh carried out a series of studies in animals
using a greatly improved tonometric method for analyzing arterial blood. In all cases
they found that the arterial PO, was lower than the alveolar by 2 to 3% of an atmo-
sphere indicating that diffusion was adequate to account for oxygen transport. Marie
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devised an ingenious method to obtain a value for the “diffusion constant” of the lung
using carbon monoxide. They showed that the diffusion constant was great enough to
provide the necessary oxygen intake and that it increased with exercise so that even
with strenuous exercise diffusion alone was an adequate explanation for the observed
oxygen intake. They did not examine the situation of reduced inspired PO, but Marie
(1914) does consider the situation of a man on Pike’s Peak and even on the Duc
d’Abruzzi’s expedition at 24,600 ft. Making reasonable assumptions in regard to minute
ventilation, haemoglobin concentration, dead space etc. and her own estimates of
DCO on exercise she calculates that diffusion alone could provide the assumed oxy-
gen intake of about one litre per minute.

Work of Hamilton Hartridge

My young colleague Mr. Hartridge has refined the spectroscopic method for the
estimation of carboxyhaemoglobin in the blood. Using this method he has repeated
many of the experiments of Douglas and Haldane. In his paper of 1912 he makes it
clear that he is careful to follow the Oxford school in their methods except in respect
of the method for analyzing for carboxyhaemoglobin. In particular he is conscious of
the problem of the equilibration time of alveolar air and blood. (which matter we may
consider later as a possible source of error in estimating arterial PO,). He draws the
following conclusions:

“1. In these experiments the tension of oxygen in the arterial blood was not found
to be greater than that in the alveolar air, although three methods of reducing oxygen
in the tissues were tried.

(a) By replacing O, by CO

(b) By lowering the O, tension

(c) By doing work
These results so far as they go do not confirm the view that oxygen is secreted by the
lungs.

2. T have examined every part of the technique which by introducing errors could
mask the evidence of secretion: but I have been unable to discover anything that would
account for the difference between my results and those of Haldane and Douglas.”

My own work

Before the Great War I had watched this debate as it were from the sidelines.
However during the war we became interested in the fate of men gassed and who
became cyanosed as a result. We found that placing them in an atmosphere enriched
with oxygen, in an “oxygen tent” we could relieve their cyanosis. After the war it
occurred to me that I could achieve the effect of high altitude by the same sort of
device, a low oxygen tent if you will. Hence I had constructed a glass box in my
Cambridge laboratory in which one subject could live for a few days and even exer-
cise. By this time we had the advantage of the improved tonometric method for esti-
mating PO, in blood although to obtain arterial blood samples necessitated the tying
in of an arterial cannula and the sacrifice of the radial artery at the end of the experi-
ment. Using these methods in 1920 I stayed in the glass box for six days during which
the oxygen percentage of the air was gradually reduced until by the last day it reached
10.8%. Each day I made observations on myself, exercised on the stationary bicycle
and took samples of expired air and alveolar air. On the sixth day as well as these
observations my radial artery was cannulated and arterial blood samples were col-
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lected at rest and at the end of exercise. My medical students, fearful for my safety,
made a rota and kept watch over me every minute of the time, for which I am very
grateful. The precious arterial samples were transported rapidly to the tonometer ap-
paratus and analyzed by my junior colleagues. The results were, in short, that the
arterial PO, was less than the alveolar PO, even under conditions of exercise while
breathing 10.8% oxygen.

My learned friend has suggested that six days might not have been enough for me
to develop the secretory capacity of my lungs. I would respectfully point him to his
own work (Douglas et al 1912) when his subjects breathed low oxygen mixtures for
only a few minutes and were reported as displaying secretion. If he suggests that I
might be an abnormally poor acclimatizer I can only say that on a number of altitude
expeditions in the Alps and Tenerife I acclimatized at least as well if not better than
most. However I do concede that the altitude was simulated and not real and that a
study of only one subject is less satisfactory than one with a number of subjects.
Therefore with my American and British colleagues I organized an expedition to the
Andes the next year.

Cerro de Pasco Expedition

We were a party of eight scientists, and were very well supported by the Railway
Company who put a boxcar at our disposal. In this we built our laboratory and living
quarters. We were able in this to carry out sea level observations in Lima and then to
be transported with all our kit to an altitude of 12,300 ft at Cerro de Pasco in a few
hours. We carried out an ambitious series of studies of which the matter of alveolar-
arterial PO, difference was but one. The technique of arterial puncture by needle had
now been perfected so that we could carry out numerous arterial oxygen analyses.
With my young friend Nagahashi we had improved the method for analyzing the
blood. The method was similar to that used by August Krogh. A small bubble of
alveolar air was introduced into the syringe of blood, tonometered and then analyzed
for oxygen and carbon dioxide. The results showed that the arterial PO, was not higher
than the alveolar, indeed on average it was lower, though the difference was within
the error of the method (about 4 mmHg). This was found even on exercise and after
weeks of altitude acclimatization.

Conclusion

I trust that the house will agree that it has now been demonstrated beyond all
reasonable doubt that, dull though it may be, the available evidence is not strong
enough to support the theory of oxygen secretion by the lung, even in circumstances
where it would be most advantageous to the body, i.e., of reduced inspired oxygen
pressure and exercise. I would ask you therefore to vote against the motion.

REBUTTAL BY PROFESSOR HALDANE (Dr. John West)

Well as I expected, my good friend Barcroft is as eloquent as ever and of course it
is very difficult not to be swayed by his arguments. One can expect this urbane wit
from someone from our somewhat younger sister university, Cambridge. But I fear
that in a number of respects we need to review some of what he has told us.
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First of all he referred to Occam's razor, the principle that the simplest explana-
tion is the most attractive under many conditions. However I must remind him that
there are many instances in the body, well understood, where secretion occurs. For
example, in the stomach the glands secrete acid against an enormous concentration
gradient; in fact the concentration of acid in the stomach is some million times higher
than in the cells lining the stomach.

And there are plenty of other examples within the body of secretion. This is true
of other glands as has been well described. The fact that oxygen diffusion is the sim-
pler explanation really is irrelevant. The issue is what do the facts show.

Now the measurements of Hartridge of course are impressive but we have to
recognize that the spectroscopic technique has its errors just as any other technique
does. Although presumably Hartridge made the most accurate measurements he could,
in fact he was probably in error in his measurements of the amount of
carboxyhemoglobin and the partial pressure of oxygen as it was calculated.

Let me turn to the glass chamber experiment. Of course that was an extremely
gallant experiment as one would expect from Barcroft, and a very elaborate experi-
ment indeed. But as has been pointed out it yielded measurements made on one per-
son only, and how can we be sure that Barcroft is typical of everybody else. He says
he does well at altitude but who would place much emphasis on an “n” of one. So I
think we have to agree that there is some question about that study.

The measurements at Cerro de Pasco have been referred to but regrettably they
were done on miners, and of course we all recognize the importance of lung disease in
the mines particularly in a place like Cerro de Pasco where the conditions are not
ideal. And of course it makes good sense that even if the lung is secreting oxygen, if
there is some associated lung disease we could expect the arterial PO2 to be below the
alveolar value. So I fear we have to discount those measurements.

I think the evidence is in favor of oxygen secretion. We’ve looked at it extremely
carefully from the very early measurements which I made with Lorrain Smith to the
very extensive series with Douglas, and finally the very careful measurements made
on Pikes Peak. I don’t think anybody yet has come up with a possible reason for
errors in the Pikes Peak measurements. People have talked a little bit about equilibra-
tion, but in fact, as I said early on, the equilibration process was done using two
techniques. One I mentioned was the absorption of carbon monoxide from a closed
circuit over a period of one hour which we allowed for equilibration. (I notice inci-
dentally that my friend Barcroft did not elect to address the issue). The other was a
technique where the blood was loaded with carbon monoxide and then the equilibra-
tion took place during the unloading of oxygen. As Hartridge has pointed out, if that
is going to create any error at all it would be against the oxygen secretion hypothesis.
So it seems to me we have explored every avenue we can for accuracy in these mea-
surements.

And so, although it perhaps goes against Occam’s razor and though it might per-
haps be simpler if the lungs operated simply by diffusion, I feel the evidence is against
it. I think from what we know about the human organism and biology as a whole, that
nature would not choose such a crude device as diffusion in the face of situations
where oxygen is in short supply. Surely it would be far more sensible for the evolu-
tionary process to produce something with oxygen secretion as has been done in the
stomach and numerous other glands. I think that the results I have mentioned from
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my friend Barcroft’s work, the glass chamber work on one subject only, the measure-
ments at Cerro de Pasco, unfortunately in the presence of lung disease . . . all these
measurements are flawed.

So I suggest with due deference that in this one small area my friend Barcroft is
incorrect and indeed the lungs do secrete oxygen.

REBUTTAL BY PROFESSOR BARCROFT (Dr. Jim Milledge)

Mr. Chairman, as I said before, the secretion theory is a very attractive one, and it
would be very nice if there were facts to support it because we could entertain all sorts
of interesting experiments to follow up on that observation. But the fact of the matter
is that if oxygen secretion were happening to any significant extent, it would be ad-
equate to fully saturate the blood at high altitude as has been explained by my col-
league here for the situation, for instance, on Pikes Peak. Yet as we noted at Cerro de
Pasco, apart from the miners, we ourselves and the local natives all had this bluish
tinge. We were clearly cyanosed, and when we drew blood from the artery it was blue
in color. When we tonometered it with air it changed to a pink color. So aside from
any questions of the accuracies of analysis, it was clear that this blood was not any-
where near 95 to 98 percent saturated. I think the fact that I have not presented a large
amount of data should not vitiate the fact that blood is desaturated at altitude, in
people, even at rest, let alone at exercise.

What I expected my friend Haldane to say in his rebuttal was what he said at the
meeting of the Royal Society of Medicine a year or so ago when he took the position
which was very different from before the War—namely that it was not really the
arterial PO2 that he was measuring, but rather the end pulmonary capillary blood. He
actually said on that occasion:

“The diminishing oxygen saturation of the blood from an artery as alti-
tude increases must be out of all proportion to the diminution of the mean
oxygen pressure of the blood leaving the lung alveoli. It is only this latter, that
is, the blood in the pulmonary capillary, that was concerned in the question of
oxygen secretion and that we measured on Pikes Peak. We already knew it was
useless to measure only the percentage saturation of oxygen in blood in an
artery”.

In other words what he is now saying is obviously quite true that his carbon mon-
oxide measurement is of the PO2, strictly speaking, in the pulmonary capillary. The
fact that we found lower levels in the artery could be explained presumably, by some
situation in which the blood failed to go through the lungs, in other words some sort
of shunt. That seemed to be the position he was taking up to a couple of years ago and
of course that requires that this shunt develops on going to altitude and is not present
at sea level. I find this very difficult to understand. It very greatly diminishes the
elegance of what is otherwise a very elegant hypothesis; elegant, but I am afraid
untrue.

Therefore I ask you to vote against the motion that the lung secretes oxygen and
instead that, dull though it is, the process is all due to diffusion.
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Comment by Marsh Tenney
on behalf of the Judges
Dr. Tom Hornbein, Dr. Susan Niermeyer, Dr. Marsh Tenney

‘We have heard a learned debate by two great scientists, each of whom has articu-
lated his arguments with wit and wisdom. Their equally skillful disputations made
judgment of who was the winner difficult, but, in the end, one was found to be more
persuasive. In our analysis we were struck by the fact that the contest was focused on
the results obtained under conditions of hypoxia (there was no disagreement on the
normoxic measurements) and on the relative accuracy of the different methods em-
ployed. Haldane’s methods were indirect, and there was some doubt regarding the
true value of the constant “M”, which Haldane recognized as erroneous in his first set
of experiments, but whether the new value for the second set did not suffer the same
weakness was unclear. Further doubt arose when it became apparent that the arterial-
alveolar values were sometimes positive, sometimes negative, as presented in his
tables.

Barcroft’s methods were more direct and had the advantage of confirmed reliabil-
ity based on reports from other laboratories. The criticism that Barcroft’s study was of
one subject only (himself) does constitute a weakness in experimental design, but the
proposition put forward by Haldane that Barcroft may have been an abnormal subject
was considered specious. The resort to Occam’s razor as a means of deciding the
correct hypothesis was not thought to be useful.

It was on these grounds that the judges have reached the unanimous decision that
Barcroft had made the most telling argument and is winner of the debate. It was,
however, a close call.

Parenthetically, the judges wish to comment on the high intellectual plane of this
debate, but express their regret that neither contestant exposed the basic weaknesses,
as claimed, of the other’s methods. It would have been instructive if each scientist had
repeated his own experiments, but using the other’s methods.
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CHAPTER 9
FETAL GROWTH AT HIGH
ALTITUDE
HISTORICAL, POPULATION
AND INTERGENERATIONAL
PERSPECTIVES ON
ADAPTATION TO HIGH
ALTITUDE

Lorna G. Moore, Ph.D. and Stacy Zamudio, Ph.D.
University of Colorado at Denver and Health Sciences Center Campuses
Denver, CO

Introduction

It is a truism that evolutionary adaptation to high altitude requires that one gen-
eration successfully reproduce the next. When the Spaniards entered Peru in 1632,
they encountered this challenge of adaptation to high altitude. In the words of Anto-
nio de la Calancha,

“Tn Potosi all children born of Spanish parents died either at birth or within
a fortnight thereafter, because the great cold and freezing air would kill them;
the mothers used to leave in order to give birth in the neighboring valleys and
until their child was more than a year old the mothers would exile themselves
from this city...”!?

What were the causes of this apparent increase in infant mortality? Was it simply
an increase in neonatal or infant deaths? Were there more frequent fetal and/or mater-
nal complications of pregnancy that compromised the condition of the newborn? Was
it a problem confined to the Spanish newcomers? Were indigenous populations also
affected, perhaps to a lesser degree? Are there analogous difficulties for reproductive
success encountered today by the Han (“Chinese”) colonizing Tibet? Are such chal-
lenges encountered by lowland populations moving today to mountainous regions of
North and South America? What factors ultimately permitted the Spanish to success-
fully reproduce at high altitudes in Peru and elsewhere?

These questions address the central issue of adaptation and the processes by which
adaptation to high altitude takes place. From the perspective of evolutionary biology,
adaptation refers to “characteristics of structure, function or behavior that enable the
individual to live and reproduce in a given environment™. Since adaptation occurs
over generations, another way to define adaptation is the ability of one generation to
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produce the next. In this perspective, the population is the entity that exists over time,
consisting of a series of overlapping generations engaged in the production of the
next generation.

While the population is the central unit for adaptation, it is difficult to study physi-
ological processes enabling reproductive success on the population level. We have
taken the approach that the mother and child are the minimal essential unit for repro-
ductive success. Therefore, our studies have focused on the effects of high altitude on
the relationship between mother and child during the period of pregnancy and neona-
tal life.

Birth weight and gestational age

A consistent fall in infant birth weight with increasing altitude has been docu-
mented for nearly forty years'®''9?!. Birth weight is reduced approximately 100 gm
per 1000m altitude gain (Table 1). The reduction in birth weight at high altitude has
an historical significance; the first recognition that fetal growth and length of gesta-
tion were separable influences on birth weight was at high altitude!®.

Several Colorado studies have sought to determine whether fetal growth retarda-
tion or shortened gestational age is the principal cause of the reduction in birth weight
observed at high altitude!'®!""®. While there is considerable historical variation in
birth weight and gestational age in the Colorado studies, gestational age differs little
at low versus high altitude at any time. The weights of babies born prematurely are
similar at all altitudes in Colorado before 32 weeks. However, after wk 32, the growth
curves of infants born above 9000 ft and between 7-9000 ft fall below those of the
3000-5000 ft infants (Fig. 1). Thus, the Colorado studies indicate that the principal
cause of the reduction in birth weight is fetal growth retardation (Table 1).

In contrast to the Colorado data, some South American studies report shortened
gestational age at high compared with low altitude (Table 1). In Peru, Gonzales® re-
ports a 1.6 wk reduction in gestational age at 4340 vs 150m. In a study of higher
socioeconomic status women at 150m and 4340m, Carmen Torres and Gonzales re-
port a higher percentage of preterm deliveries but similar gestational ages as mea-
sured by weeks from the last menstrual period and clinical assessment?. Other studies
in South America, for example those of Haas and co-workers’, show similar gesta-
tional ages in carefully-matched samples at low altitude and high altitude. Data from
the Himalayan region are sparse. Gestational age was similar in Tibetan women de-
livering at 1200m vs 3600m* but appeared to be reduced in Ladakhi deliveries at
3600m?* (Table 1).

What accounts for the discrepancies concerning the frequency of preterm deliver-
ies at high altitudes in the North American and in at least some of the South American
studies? Several factors are likely to be involved, including sampling variation, secu-
lar trends, and ethnic variation within and between populations. Sample sizes in the
South American studies, typically 100-200, are much smaller than those of the Colo-
rado studies, approaching 200,000 in the McCullough and Unger reports'>®. The
Colorado data are also based on complete enumeration of the entire population whereas
only 25% of Bolivian and 46% of Peruvian women give birth in hospitals'®. Even
among hospital deliveries, accurate assessment of gestational age is often not pos-
sible. Other difficulties concerning gestational age assessment apply to the Hima-
layan region. For example, it is difficult to translate gestational age from the Tibetan
calendar to the Western system. Gestational age was estimated from fundal height in
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Figure1 Fetal growth is progressively retarded after week 32 of gestation at high (> 9000 ft) compared
with low (3-5000 ft) altitude in Colorado. The fetal growth response of babies born at 7-9000 ft lies between
the high and low altitude curves. Data are taken from Unger et. al. (19) and represent all 179,717 live births
in Colorado from 1979 through 1982.

the Ladakh study as no other estimate of gestational age was available??. Secular
trends among historical periods are apparent yet some of the South American altitude
samples have been obtained in different years. Ethnic and other sources of variation
affecting pregnancy duration (such as the availability of prenatal care, medical inter-
ventions for preventing preterm births, and maternal nutrition) characterize the South
American and Himalayan regions.

Another consideration for assessing the birth weight differences between popula-
tions is the duration of the population’s high-altitude exposure. Populations have re-
sided at high altitude for no more than 150 years in the Rocky Mountains, approxi-
mately 10,000 years in the Andes, and the longest period of time in the Himalayas. In
a comparison of birth weight differences between persons from the same ethnic group
who resided at low versus high altitude, Zamudio® observed that the birth weight
differences were greatest in North America, intermediate in South America, and least
in Tibet, suggesting that the birth weight decline at high altitude varies in relation to
duration of residence. We have extended these observations within Tibet and found
little change in birth weights of babies born to Tibetans across a 2700m to 4000m
altitude range.

Maternal and fetal morbidity

Does the decline in birth weight signal an increase in maternal and/or fetal com-
plications of pregnancy? If so, do such complications contribute to the reduction in
birth weight observed?
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We became aware of an increased frequency of preeclampsia during our studies
of maternal oxygen transport at high altitude®. Preeclampsia remains the leading cause
of maternal mortality and a significant contributor to infant mortality in the industri-
alized world. Preeclampsia is characterized by an elevation in blood pressure accom-
panied by proteinuria and/or upper extremity edema in a woman who is normotensive
when nonpregnant. Hepatic, coagulation, and central nervous system abnormalities
are sometimes observed as well. If untreated, preeclampsia can lead to preterm labor
and delivery and, albeit rarely, maternal convulsions, intravascular coagulation, and
death.

Recently, we confirmed an increased incidence of preeclampsia at high altitude in
a statewide records review® and in a cohort study at low versus high altitudes in Colo-
rado’. The studies of uterine blood flow in normal pregnant and preeclamptic women
at high altitude in Colorado, reviewed by Zamudio in the next chapter®, suggest that
the increased incidence of preeclampsia may be attributable to an abnormal blood
flow adjustment to pregnancy. Identifying the contribution of alterations in hormone
concentrations®, vascular growth’, and vasoreactivity” has begun but is not com-
pleted; the complexity of vascular alterations in pregnancy is apparent in the chapter
by Pearce in this volume"”. To our knowledge, there has not been a well-controlled
study of the incidence of preeclampsia at high versus low altitude in the Andean or
Himalayan regions.

Other complications of pregnancy are more common at high altitude. Quintana'®
found a three-fold increase in the occurrence of placental abruptions in 4,477 deliver-
ies over a 15-year period in La Oroya, Peru (3750m). There was an age- and parity-
associated increase such that 6.8% of women over 40 yr and 3.4% with parity greater
than four had placental abruptions. The placental abruptions were associated with
maternal bleeding, anemia and shock, resulted in emergency Cesarean deliveries, and
accounted for 14% of the low birth weight and 12% of the preterm deliveries.

We found that more women at high than low altitude developed pregnancy compli-
cations other than hypertension in the cohort study in Colorado. At low altitude, 20% of
all women and 28% of preeclamptic women developed complications other than hyper-
tension whereas at high altitude, the corresponding figures were 30% and 66%".

Maternal mortality in Colorado today is less than 1 death/10,000 livebirths’. While
it is likely that the placental abruptions observed in La Oroya were associated with
some maternal deaths, data concerning maternal mortality were not reported. Mater-
nal mortality in Bolivia (33.2 deaths/10,000 livebirths) and Peru (30.3/10,000
livebirths) is more than twice the South American average of 14.6 deaths/10,000
livebirths (or that of any other South American country with the exception of Para-
guay), but data are not available for the different altitude zones within the countries'®.

The contribution of the increased incidence of preeclampsia and other complica-
tions of pregnancy to the reduction in infant birth weight at high altitude is unclear.
Jensen® found in Colorado that birth weights were lower in preeclamptic than normo-
tensive women but the decline in birth weight from low to high altitude was similar in
the normotensive and preeclamptic women. However, Palmer'® observed a greater
fall in birth weight among normotensive women at high than low altitude who devel-
oped complications other than hypertension, suggesting that complications of preg-
nancy may act additively to decrease birth weight at high altitude. Clearly, further
study is required to determine the contribution of preeclampsia in combination with
other prenatal complications to the altitude-associated reduction in birth weight.
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Figure2 Infant mortality (number of deaths/1000 live births) increases with altitude in Bolivia and Peru.
Data are shown for all infant deaths in Bolivia and Peru as well as the urban regions of Bolivia (16).

Infant mortality and morbidity

Does the increased occurrence of maternal or fetal complications and, in particu-
lar, the altitude-associated reduction in birth weight compromise reproductive
success?

Twenty years ago, infant and neonatal mortality were above nationwide levels in
Colorado and the other mountain states and rates increased with altitude within Colo-
rado (Table 1). Today, infant mortality in Colorado is the same as nationwide and
does not increase with altitude within the state'>?'. The cause of the mortality decline
in Colorado was associated with a modest increase in birth weight, and a fall in per-
cent preterm births'® but much of the decline remains unexplained. Being small (re-
duced birth weight) per se does not reduce infant mortality, as has been suggested',
since low birth weight infants are at an increased mortality risk at every altitude in
Colorado™ and nationwide?'. The mortality decline occurred during the advent of
specialized tertiary treatment centers and prenatal transport from remote areas. This
likely contributed to the reduction in infant mortality in Colorado in general and in
the high-altitude areas in particular. The highest (>9000 ft) and lowest (<5000 ft)
altitude regions of the state are equally distant from the tertiary care facilities, all of
which are located in the Denver metropolitan region. Yet twice as many women from
the highest- compared with the lowest-altitude areas delivered in tertiary facilities'.
The increased utilization of prenatal care and more frequent occurrence of pregnancy
complications in the high-altitude regions may have led to more frequent referral to
tertiary hospitals. Thus, today the modest decrement in birth weight with increasing
altitude seen statewide in Colorado has little effect on mortality?'; however, more
pronounced reductions in birth weight among high-altitude inhabitants elsewhere are
associated with a clear rise in infant mortality.

Bolivia and Peru currently have the highest infant mortality in South America and
consistently have had the highest rates over the past 20 or more years's. While rates
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have fallen throughout South America, the rate of fall in the Andean countries is
similar to that observed elsewhere. Within both countries, there is an altitude-associ-
ated rise in all infant deaths as well as in urban infant mortality (Fig. 2). There is less
of an altitude gradient for childhood mortality'®, suggesting that altitude has a greater
influence on factors relating to infant than childhood deaths. The infant and child-
hood mortality data from Bolivia and Peru is, however, of poor quality. Payment is
required to register a birth or death and only about one-third of the deaths are certified
by a physician'®. Such problems are particularly acute in rural regions and other
settings where infant mortality is likely to be highest.

In Ladakh, there is very high neonatal mortality which, in turn, is strongly related
to birth weight (Fig. 3, Table 1). Respiratory disease is the principal cause of death?.
There is marked seasonal variation such that the lowest birth weight and greatest
mortality from respiratory disease occur in the winter. Further studies like those de-
scribed by Niermeyer in this volume' would be informative about the factors respon-
sible for the high mortality observed.

Other neonatal complications also appear to be more common at high altitude; an
altitude-associated rise in neonatal asphyxia in Peru? and other neonatal complications
in Colorado have been reported'>!”. Cardiovascular development may also be altered
in more subtle ways in keeping with the observations of Gilbert in this volume?.

Summary and conclusions

There are a range of maternal, fetal, neonatal and infant challenges to reproduc-
tive success at high compared with low altitude. On the maternal side, there is an
increased occurrence of preeclampsia, placental abruptions, other complications of
pregnancy, and preterm deliveries. The fetus is more likely to experience intrauterine
growth retardation, preterm delivery, and altered cardiovascular development. Neo-
natal and infant well-being is adversely affected by the high mortality rates experi-
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Figure 3 Neonatal or infant mortality, expressed as a probability, rises with decreasing birth weight to a
greater extent in Ladakh than in high-altiude Peru or Boliva (from 22). Copyright ©1994. Reprinted by
permission of John Wiley & Sons, Inc.
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enced by the majority of contemporary high-altitude residents and, in all likelihood,
during the major portion of human existence at high altitudes.

The underlying causes of the challenges to reproductive success at high altitude
are complex but offer insight in at least three areas; physiological, public health, and
evolutionary. In the physiological area, studies of maternal, fetal and neonatal re-
sponse to high altitude provide information concerning the underlying mechanisms
governing the oxygen transport system. In the public health area, an opportunity ex-
ists to determine the relative importance of intrauterine growth retardation, preterm
delivery, preeclampsia, and other complications for deciding infant mortality. While
we recognize that a great many factors are likely involved, our ability to predict which
interventions will have the most impact for specific kinds of health problems remains
poor. The evolutionary importance is concerned with the inter-relatedness of mater-
nal and fetal outcomes. As indicated above, fetal development is clearly affected by
and, perhaps to a lesser extent, affects maternal characteristics. There appears to be
an evolutionary hierarchy, however, insofar as the delivery of a growth-retarded and/
or preterm fetus at high altitude appears to compromise survival of the infant more
than the mother. Such an evolutionary hierarchy may also be operative under the
circumstances of preeclampsia insofar as when untreated, preeclampsia usually leads
to preterm delivery which, in turn, is the only completely effective “cure” for the
disease.
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INTRODUCTION

Altitude-associated intrauterine growth retardation (IUGR) was first reported in
North America in 1957, and was associated with increased infant mortality**. A more
recent statewide analysis revealed that infants from higher elevations in Colorado no
longer suffer increased mortality, but their mothers use tertiary care facilities three
times more often than low-altitude mothers®. Because indices of reduced maternal
O, transport are associated with lower birth weight infants at high altitude®**#' our
overall hypothesis has been that reduction in fetal O, supply is the cause of the alti-
tude-associated reduction in fetal growth. Fetal O, supply is determined by
uteroplacental oxygen supply, which is in turn determined by uteroplacental blood
flow and arterial O, content. Since arterial O, content is similar or greater in women
pregnant at high compared with low altitude®®*, a reduction in uteroplacental blood
flow is the most likely source of limitation in fetal O, supply.

The uterine arteries supply approximately 80% of uteroplacental blood flow in
primate pregnancy®. The studies reported here use near-term uterine artery blood
flow and pelvic blood flow distribution in normal pregnancy at high vs. low altitude
as indices of uteroplacental blood flow*. Because altitude-associated IUGR in hu-
mans occurs during the third trimester®®, we asked whether uterine artery blood flow
was reduced in normal pregnancy near term at high compared with low altitude.
Preeclampsia is a hypertensive disorder of pregnancy which occurs more frequently
at high-altitude'>?. Preeclampsia is often accompanied by IUGR, and has been asso-
ciated with reduced uteroplacental blood flow?2 The higher incidence of preeclampsia
at high altitude permits prospective study of the disease, so we also asked whether
uterine blood flow was reduced in preeclamptic women at high altitude, and whether
this reduction occurred prior to the onset of hypertension. Changes in uterine artery
blood flow velocity and pelvic blood flow distribution measured serially throughout
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pregnancy were used to assess whether preeclamptic women differed from those who
remained normotensive at 3100m*,

MATERJALS AND METHODS

Subjects consisted of 22 residents of low altitude (1600m, Denver CO) and 30 of
high altitude (3100m, Leadville CO). Seven of the high altitude women developed
preeclampsia. All subjects gave informed consent to procedures approved by the
University of Colorado Health Sciences Center Institutional Review Board. Low alti-
tude subjects were studied at 35.840.3 wk of pregnancy (range=33-38 wk) and 15.1+2.2
wk postpartum. At high altitude, the 23 women who remained normotensive and the
7 who developed preeclampsia were studied at wk 11.6£0.4, 23.840.6 and 35.310.5
of pregnancy (range=33-39 wk) and 25.3+1.8 wk postpartum at St. Vincent’s Hospi-
tal in Leadville. Duration of pregnancy at the time of study was back-calculated from
the infant’s clinically-assessed gestational age. Of the women who smoked cigarettes
while pregnant only one (at 1600m) consumed more than one-half pack per day. Twelve
of the high-altitude women were born and raised at > 3000m; the remainder moved
to altitude as adults and had lived there for an average of 4+2 years. Preeclampsia
was defined as a resting systolic pressure > 140mmHg or a diastolic pressure > 90
mmHg with > 2+ proteinuria and/or > 2+ edema of the upper extremities on two or
more occasions at least 6 hr apart in a pregnant woman who was normotensive in the
nonpregnant condition!®.

Instrumentation and study procedures. Blood pressure was measured in duplicate
using an armcuff sphygmomanometer. Hemoglobin concentration was measured with
a photometer (Aktiebolaget Leo Diagnostics HemoCue, Helsinborg, Sweden) that
had been previously calibrated with samples analyzed spectrophotometrically using
the cyanomethemoglobin technique. Arterial O, saturation was measured by ear
oximetry (model 47201A, Hewlett-Packard, Waltham, MA). Arterial O, content was
calculated as (hemoglobin concentration - 1.36) - (arterial O, saturation). Unilateral
uterine artery O, flow was calculated as arterial O, content * volumetric blood flow.
Mean blood flow velocity (i.e. the average speed with which blood travels through
the vessel lumen in one cardiac cycle) was measured using a pulsed-wave gated Dop-
pler ultrasound unit developed in the Cardiovascular Pulmonary Research Labora-
tory at the University of Colorado Health Sciences Center as previously described®.
Arterial diameter was obtained using an Acuson 128 Ultrasound Doppler (Mountain
View, CA) with a 3.5 MHz transducer. Blood flow velocity was measured in all sub-
jects; vessel diameter was measured and volumetric flow was calculated in a subset
of normotensive subjects (n=9 at 1600m, n=5 at 3100m). Further details concerning
measurement protocols, variability and reproducibility of data, and technical issues
have been previously published®#,

Statistics. Data are reported as the mean + standard error of the mean (SEM).
Characteristics that were not subject to change with pregnancy (e.g. height, educa-
tion) were compared between altitudes or within the high altitude groups using chi-
square or unpaired t-tests. Differences were considered significant where p<0.05. A
two-factor analysis of variance with orthagonal contrasts was used to examine the
effects of pregnancy and altitude among normotensive subjects, and the interaction
between altitude and pregnancy. The Bonferroni inequality method was applied and
the P value for reporting statistical significance was reduced to 0.0125. Linear regres-
sion was used to identify relationships between variables and these results were re-
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ported as significant when p<0.05. Hemodynamic characteristics of normotensive vs.
preeclamptic women at 3100m were compared using a linear random-effects model".
The resulting response curves were compared throughout pregnancy using Scheffe’s
method for multiple comparisons®. Differences are reported as significant where
p<0.05.

RESULTS

Low altitude women were older, had more years of schooling and fewer were
primiparous. Normotensive low and high-altitude subjects were similar in nonpreg-
nant weight, height, weight gain with pregnancy, the number who smoked cigarettes
and prenatal visits (Table 1). The infants’ gestational ages were similar but birth weight
was lower at 3100m than 1600m (Table 1).

Table 1. Group characteristics

Normotensive Normotensive Preeclamptic

1600m 3100m 3100m
(n=22) (n=23) (n=7)
Mothers
Age (yr) 3041 26L1* 2543
Height (cm) 165+t1 16312 16512
Nonpregnant weight (kg) 5912 602 6514
Weight gain with pregnancy (kg) 15¢1 14£1 14x£1
No. primigravid (%) 12 (50%) 4 (17%)* 6 (85%)t
No. smokers (%) 3 (12%) 5 (22%) 2 (29%)
Education (yrs) 15%1* 1320 1582
Prenatal care (No. visits) 13%1 11x1 1442
Infants
Birth weight (gm) 3415+106 3136£79* 258243507
Gestational age (wk) 39.71£0.6 39.7+0.4 36.8+1.67
Pre-term (%) 4% 4% 29%7%
Small-for-gestational age 0 0 43%t

* p<.05, normal women at 1600m vs. 3100m
t p<.05, normal vs. preeclamptic women at 3100m

Normotensive women at the two altitudes had similar common iliac and external
iliac arterial blood flow velocities and diameters (Figs. 1 and 2). Iliac diameters did
not change with pregnancy (Figs. 1 and 2). Pregnancy increased common iliac artery
flow velocity and decreased external iliac artery flow velocity at both altitudes. Volu-
metric flow increased in the common iliac artery and decreased in the external iliac
artery at 1600m. The corresponding changes in volumetric flows at high altitude were
not significant (Figs. 1 and 2).

Pregnancy increased uterine artery diameter, blood flow velocity, and volumetric
flow at both altitudes (Fig. 3). However, uterine artery diameter was smaller and
blood flow velocity was greater at 3100m than 1600m. Higher flow velocity did not
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Figure1 Common iliac artery diameters did not change with pregnancy and were similar in nonpregnant
and pregnant women at 1600m vs. 3100m. Fiow velocity increased with pregnancy at both altitudes.
Volumetric flow increased at 1600m (p<.005), but not at 3100m. *=p<0.01 for comparison of nonpregnant
Vs. pregnant women.
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Figure 2 External iliac artery diameters did not change with pregnancy and were similar in nonpregnant
and pregnant women at 1600m vs. 3100m. Flow velocity decreased with pregnancy at both altitudes.
Volumetric flow decreased at 1600m (p<.001), but not at 3100m. *=p<0.01 for comparison of nonpregnant
vs. pregnant women.
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Figure 3 Uterine artery diameter, blood flow velocity and volumetric flow are greater at week 36 of
pregnancy than when nonpregnant for residents of 1600m and 3100m. Pregnant women at 3100m compared
with 1600m had smaller uterine artery diameter (p<.005), greater flow velocity (p<.005), and lower
volumetric flow (p<.0125). *=p<0.0001 for comparison of nonpregnant vs. pregnant women. Brackets, f,
=p<.0125 for comparisons between low vs. high altitude women.
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compensate for reduced diameter, as uterine artery volumetric flow at wk 36 of preg-
nancy was one-third lower at 3100m (Fig. 3). Arterial O, content was greater in high-
altitude women at wk 36 of pregnancy (17.5+£0.4 at 3100m vs. 16.1+£0.3 ml/dl at
1600m, p<0.01). Still, calculated uterine artery O, flow was reduced by 30% at high
altitude (35.4+8.6 ml/min at 3100m vs. 50.5+4.2 ml/min at 1600m P=NS). Oxygen
flow per kilogram of birth weight (12.443.6 vs. 17.2+0.9 ml/min) or per kilogram of
fetal weight estimated at the time of the mother’s study (74.2+12.1 vs. 111.8£16.6 ml/
min) was 28% and 34% lower at 3100m than 1600m, respectively.

Pregnancy increased the percent of common iliac volumetric flow directed to the
uterine artery and decreased the percent directed to the external iliac artery at both
altitudes (Fig. 4). However, less common iliac flow was received by the uterine artery
in pregnant women at high altitude (Fig. 4).

Among individual subjects at the two altitudes, smaller uterine artery diameter
was associated with greater uterine blood flow velocity in the pregnant (r=-0.69,
p<0.05) but not the nonpregnant condition (r=0.33, P=NS). Smaller common iliac
diameter was associated with greater blood flow velocity during pregnancy (r=-0.76,
p<0.01), but did not attain significance in the nonpregnant condition (r=-0.56, P=0.06).
The relationship was similar in the external iliac artery during pregnancy (r=-0.54,
P=0.08).

Women who developed preeclampsia at 3100m were more often primiparous when
compared with those who remained normotensive, but were otherwise similar (Table
1). Birth weight was reduced among infants of preeclamptic compared with normo-
tensive women due both to intrauterine growth retardation and reduced gestational
age (Table 1).

Normotensive women at high altitude had a progressive, linear increase in com-
mon iliac artery flow velocity, uterine artery flow velocity, and the common iliac
redistribution index (uterine a. flow velocity/common iliac a. flow velocity), with
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Figure4 The percent of common iliac blood flow directed to the uterine artery increased and the percent
directed towards the external iliac artery decreased with pregnancy at both altitudes. The uterine artery at
3100m compared with 1600m received less common iliac flow during pregnancy (P<.005). *=p<0.005 for
comparison of nonpregnant vs. pregnant women. T=p>0.0125 low vs. high altitude women.
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maximal values attained near term (Fig. 5). In contrast, preeclamptic women had no
change in common iliac flow velocity during pregnancy and values were higher than
those of normotensive women at all time points (Fig. 5A). Preeclamptic women had
higher uterine artery flow velocities at weeks 12 and 24 of pregnancy, but no change
thereafter, thus wk 36 values were similar to those of normotensive women (Fig. §B).
The pattern of change in the common iliac redistribution index was curvilinear among
preeclamptic women; values fell between wk 24 and 36 and were thus lower than
those of normotensive women at wk 36.

DISCUSSION

The effects of pregnancy on pelvic blood flow were qualitatively similar at high
vs. low altitude. However, high-altitude residence influenced the magnitude of the
changes observed. Specifically, there was less increase in uterine artery diameter and
volumetric flow, a greater rise in uterine blood flow velocity, and a smaller percent of
common iliac flow directed to the uterine artery at high compared with low altitude.
Neither higher arterial O, content, nor the increase in uterine artery flow velocity in
women at 3100m compensated for the reduction in uterine artery blood flow, which
was 36% lower in women at high altitude. It is likely that uterine blood flow was
further reduced in preeclamptic compared with normotensive women at 3100m.
Preeclamptic women had no pregnancy-associated increase in common iliac artery
flow velocity, no late-pregnancy rise in uterine artery flow velocity, and a fall in
pelvic blood flow redistribution to favor the uterine artery during the third trimester.
These departures from the pattern observed in normotensive women preceded the
onset of hypertension, and support the conclusion that preeclamptic women failed to
increase uterine blood flow during the third trimester.

The approximately 40% rise in common iliac artery flow velocity among normal
women at both altitudes is consistent with the 40% increase in cardiac output and
blood volume that occurs during normal pregnancy'®. This implies that the reduction
in uterine blood flow at 3100m was not due to a decrease in cardiac output. Rather,
the distribution of pelvic blood flow was altered such that less “stealing” of external
iliac blood flow occurred to favor the uterine artery. That stealing occurred, regard-
less of altitude, suggests that there is increased tone in the vasculature supplying the
lower extremities during human pregnancy. Cardiac output is low and systemic vas-
cular resistance is high in untreated preeclamptic women®, which is consistent with
the higher blood pressure, lower blood volume*' and lack of increase in common iliac
flow velocity we observed among preeclamptic women at 3100m. A lack of increase
in cardiac output and higher vascular resistance may have limited the extent to which
uterine blood flow could increase among the preeclamptic subjects.

Previous studies addressing the effect of acute or chronic hypoxia on uteroplacental
blood flow and O, delivery have been conducted nearly exclusively in sheep. In awake,
chronically instrumented animals, acute hypoxia produced little or no change in
uteroplacental blood flow’?2. In anesthetized rabbits acute hypoxia reduced
uteroplacental blood flow'**, while in anesthetized sheep both a decrease* and no
change in uterine blood flow have been observed!. In sheep exposed to high altitude
or lowered FIO, during the last few weeks of gestation, a rise in uteroplacental blood
flow has been inferred from increases in uterine and umbilical PO,”. In the only
study in which uterine blood flow was directly measured during chronic hypoxia, a
non-significant rise in uterine blood flow was sufficient to offset a decline in maternal
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Figure 5 Common iliac a. flow velocity, uterine artery flow velocity, and the common iliac:uterine artery
ratio rose progressively during pregnancy in normal women at 3100m (p<.01). Preeclamptic women had
higher common iliac flow velocity at all times points (p<.01), but had no change in common iliac a flow
velocity during pregnancy. Uterine a. flow velocity was higher in preeclamptic than normotensive women
at wk 12 and 24, but did not change late in pregnancy and was thus similar at wk 36. The common iliac
a.:uterine a. flow velocity ratio fell between wk 24 and 36 in preeclamptic women and was thus lower at wk
36 (p<.05).
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arterial O, content and maintain uteroplacental O, delivery at levels observed in low-
altitude controls'®. Only one study has been performed in sheep residing at high alti-
tude throughout pregnancy. An increase in uteroplacental blood flow was inferred by
umbilical venous O, tensions in the sea-level range, but the animals were surgically-
stressed and there were no appropriate low-altitude controls®. Moreover, the sheep
were from flocks that had resided at high altitude for many generations, and did not
evidence altitude-associated intrauterine growth retardation. The experimental ani-
mal literature is best summarized by noting that where maternal and/or fetal adapta-
tions to the hypoxic stimulus favored increased O, transport (e.g. increased hemoglo-
bin concentrations or PO,), fetal growth was not retarded®"'%, whereas in their ab-
sence, birth weight was reduced!.

A positive association between uteroplacental blood flow and infant birth weight
is supported by previous human and experimental animal studies. Marked reductions
in uteroplacental blood flow are required to produce significant reductions in birth
weight (Fig. 6). The reduction we observed in uterine blood flow and birth weight in
normotensive high altitude women was consistent with previously published data
(Fig. 6). Using the regression equation relating uterine artery flow velocity to uterine

60 7
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%REDUCTION IN BIRTH WEIGHT
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PLACENTAL BLOOD FLOW

Figure 6 The percent reduction in uterine, uteroplacental or placental blood flow (X) is plotted against
the reduction in birth weight (Y) reported in the literature®5#182031.323336 The best fit is exponential (Y=3.96*
107(1.51-2X), R?>=0.78). The data from the present study fit the predicted curve well. (Symbols:
squares=sheep; open circles=rodents; diamonds=rabbits; closed circles=humans; X=normotensive women
at 3100m; t=preeclamptic women at 3100m.)
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artery diameter, we estimated uterine artery blood flow was 126 ml/min in preeclamptic
women, 57% less than in normotensive women at low altitude. This 57% reduction
was associated with a 24% decrease in birth weight (Fig. 6).

Selective enlargement of the uterine artery is known to occur during pregnancy in
humans and other species®***, Uterine artery blood flow in normal women at high
altitude was reduced as the result of smaller diameter, not flow velocity. Because
higher flow velocity was associated with reduced diameter, the elevated uterine ar-
tery flow velocities observed in the preeclamptic women at wk 12 and 24 of preg-
nancy imply that arterial diameters were narrower. The reduction in uterine artery
diameters in high-altitude women could be due to structural differences, or to altered
production of or vascular response to endogenous vasoconstrictors/vasodilators. Re-
cent studies suggest that hyperplasia of all layers of the uterine arterial wall occurs in
pregnancy and can be partially reproduced by chronic estradiol treatment'3, Estradiol
excretion® and circulating estradiol concentrations* are reduced at high altitude as
well as in preeclampsia and intrauterine growth retardation®*?, suggesting that an es-
trogen-mediated stimulus for uterine arterial growth may be diminished under condi-
tions of chronic hypoxia*. Pregnant animals housed at high altitude have increased
systemic vascular resistance and isolated vessel contractile responsiveness compared
with low-altitude animals®!. Thus both differences in the hormone-stimulated struc-
tural remodeling of the uterine artery and in vascular responsiveness may account for
our findings.

We concluded that altitude influenced the effect of pregnancy on uterine artery
diameter and redistribution of common iliac flow from the external iliac to the uterine
artery, and resulted in decreased uterine blood flow. The lower birth weights associ-
ated with reduced uterine artery volumetric flow were consistent with the relation-
ships reported in other human and experimental animal studies. Among normal women
at 3100m there was progressive increase in variables which contribute to a rise in
uterine blood flow. These changes were attenuated or absent in women who devel-
oped preeclampsia, resulting in no change or decline in pelvic blood flow velocities
and redistribution to favor the uterine artery after wk 24 of pregnancy. Many of the
physiological changes of pregnancy which may serve to increase uterine blood flow
(e.g. increase in cardiac output and blood volume) attain maximal values in the mid-
third trimester'®*". It is possible that the rise in blood pressure which occurs during
the third trimester in all pregnant women may increase perfusion pressure and thereby
increase uteroplacental O, delivery. We speculate that hypertension may be a response
to , rather than a cause of, lowered uterine blood flow and fetal 0, delivery. It is thus
possible that when maximal uterine blood flow is attained relatively early in preg-
nancy, increase in maternal blood pressure will be greater, leading to the organ sys-
tem damage diagnostic of preeclampsia. Given this, the increased incidence of
preeclampsia at high altitude may be due, in part, to a generalized altitude-associated
reduction in uterine blood flow.
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CHAPTER 11
CEREBROVASCULAR
DEVELOPMENT AT ALTITUDE

William J. Pearce

Department of Physiology, Center for Perinatal Biology
Loma Linda University School of Medicine
Loma Linda, California, 92350

Abstract

The purpose of this chapter is to briefly review the effects of altitude hypoxia on
fetal cerebrovascular development. The most significant effect of chronic hypoxia on
cerebral artery structure and composition is to increase protein content, and this effect
is observed in both fetal and adult cerebral arteries. Hypoxia also depresses contrac-
tile responses to potassium and exogenous amines, and this effect is again observed
in both fetal and adult arteries. Opposing differences between fetal and adult artery
responses to hypoxia become evident upon examination of responses to adrenergic
nerve stimulation. There, hypoxia enhances fetal responses but depresses those in
adult arteries. Some of these age-related differences are due to enhancement of NE
sensitivity in fetal arteries and depressions of NE sensitivity in adult arteries, but
presynaptic effects are also involved. Presynaptically, hypoxia tends to increase in-
nervation density and neuronal NE content, but tends to depress nerve recruitment in
adult arteries and enhance it in fetal arteries. Furthermore, these presynaptic effects
are similar for both the norepinephrine and the neuropeptide Y contained within
adrenergic nerve terminals. Although hypoxia tends to depress neurogenic vasodila-
tion in both fetal and adult arteries, it has opposite effects on endothelium-dependent
vasodilatation in the two age groups. It enhances endothelial vasodilator capacity in
adult arteries, and depresses it in fetal arteries. Superimposed on these effects are
artery and age-specific changes in acetylcholine receptor density and distribution.
Hypoxia has only a mild depressive effect on vascular responses to directly applied
nitric oxide, and these effects are equivalent in both fetal and adult arteries. Clearly,
hypoxia has multiple important effects on fetal cerebrovascular development, and
also on cerebral artery function in adults.

Introduction

The purpose of this chapter is to briefly review the effects of altitude hypoxia on
fetal cerebrovascular development. To that end, it will include data collected from
experiments using cerebral arteries from term fetal and non-pregnant adult sheep

Additional Index Terms
A23187, acetylcholine, endothelium, neurogenic vasoconstriction, norepinephrine, neuropeptide-Y, nitric
oxide, wall thickness, vascular protein, water content




126 PEARCE

maintained at either sea-level or at the White Mountain Research Station in White
Mountain, California where the altitude is 3820 meters, or approximately 12,470 feet.
Each summer our research group takes several dozen time-dated pregnant ewes to the
station where they are maintained during their last 110 days of pregnancy, along with
age-matched non-pregnant controls. Arteries harvested from these animals, and their
corresponding normoxic controls are analyzed using a variety of biochemical, physi-
ological, and pharmacological techniques to evaluate the combined effects of matura-
tion and chronic hypoxia on artery structure and composition, contractility, and relax-
ation characteristics.

Effects of altitude hypoxia on artery structure and composition

One of the main artery characteristics we have routinely examined to gain insight
into changes in structure is artery wall thickness. This simple measurement was
achieved using projection microscopy of thin serial sections of the arteries. Results of
such measurements have indicated average normoxic values in common carotid, basi-
lar, posterior communicating, and middle cerebral arteries of 937117, 11242, 14045,
and 12322 p respectively in the adult and 459415, 8514, 10944, and 101£2 in the
fetus. Thus, as one might expect, fetal arteries were always thinner than their adult
counterparts, and interestingly, this age-related difference diminished as we moved
toward the microcirculation. Although chronic hypoxia tended to have opposite ef-
fects on wall thickness in fetal and adult arteries, none of these effects of chronic
hypoxia were statistically significant®.

Another characteristic we routinely examined was artery protein content. For this
measurement we homogenized the arteries in trichloroacetic acid, centrifuged them,
and then extracted the pellet with 1 N NaOH at 37° C for one hour. Protein levels were
then quantitated using the Comassie brilliant blue dye assay’. Given the mild nature
of our extraction conditions, this assay preferentially quantitated base-soluble cellu-
lar proteins and generally excluded extracellular or matrix proteins. Protein values
obtained in this manner and normalized relative to total artery dry weight are shown
in Figure 1. In contrast to wall thickness, protein content increased with age, but only
in the common carotid arteries. Also in contrast to wall thickness, and perhaps more
importantly, chronic hypoxia significantly increased protein content in all arteries of
both the fetus and the adult. Because these values were normalized relative to dry
weight, the results imply that some other component of the artery wall, such as lipid,
carbohydrate, or acid soluble protein, must have decreased in response to chronic
hypoxia. Overall, these results demonstrated that chronic hypoxia brings about im-
portant changes in cellular protein levels regardless of age or artery type.

An additional index of artery composition we regularly examined is water con-
tent, measured as the weight change due to dehydration. Results of such measure-
ments indicated average normoxic water contents in common carotid, basilar, poste-
rior communicating, and middle cerebral arteries of 74.8+1.3, 78.2+0.7, 79.3+0.8,
and 76.510.7 percent wet weight, respectively in the adult and 79.7+1.1, 81.0+1.4,
78.911.9, 80.0+0.8 percent wet weight in the fetus. Although fetal arteries generally
contained more water than their adult counterparts, their water content was not sig-
nificantly affected by chronic hypoxia. Similarly, water content in adult arteries was
also unaffected by chronic hypoxia®. Thus despite hypoxic changes in cellular protein
levels, neither wall thickness nor water content changed in either age group in re-
sponse to chronic hypoxia.
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Figure 1 Effects of maturation and chronic hypoxia on protein content:

Shown here are average base-soluble cellular protein levels, expressed as percent dry weight, measured in
our four standard artery types from term fetal (138-143 d gestation) and non-pregnant adult sheep maintained
at either sea level (normoxic) or at 3280m (hypoxic) for 110 days (the last 110 days of gestation for the
fetuses). Vertical error bars indicate standard errors for the numbers of animals indicated in parentheses.
Asterisks indicate statistically significant differences between fetal and adult arteries at the P<0.05 level
(ANOVA). Note that chronic hypoxia significantly elevated protein levels in all arteries of all age groups.
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Effects of altitude hypoxia on contractile responses to potassium

Because the changes in relative protein content caused by chronic hypoxia were
similar in fetal and adult arteries, it was tempting to speculate that any changes in
artery function produced in response to hypoxia might also be similar in fetal and
adult arteries. One way to examine this idea was to compare the effects of chronic
hypoxia on contractile responses in fetal and adult arteries. For such examinations,
contractile responses to potassium depolarization serve as good indices of maximum
contractile capacity independent of membrane receptor densities. Similarly, contrac-
tile responses to exogenous amines, such as norepinephrine and serotonin, serve as
good indices of membrane receptor coupled mechanisms. And finally, responses to
transmural electric field stimulation serve as more physiological indices of the func-
tionality of these receptors and the nerves that innervate them.

When arteries from fetal or adult sheep were mounted in vitro for contractility
studies and contracted with an isotonic Krebs solution containing 120 mM potas-
sium, fetal arteries produced far less tension than their adult counterparts. Maximum
tensions developed in response to potassium in common carotid, basilar, posterior
communicating, and middle cerebral arteries averaged 5.1+0.5, 2.440.9, 1.7+0.2, and
2.240.3 g in the normoxic fetus and 13.5+1.0, 2.5£0.2, 2.240.2, and 2.520.2 g in the
normoxic adult. Corresponding hypoxic values were 4.240.5, 1.220.2, 1.320.2, and
1.9£0.2 g in the fetus and 10.1£1.8, 1.640.3, 1.440.3, and 1.9+0.4 g in the adult.
Although chronic hypoxia significantly increased protein content in all arteries of
both age groups, it also significantly depressed maximum tension in all arteries.

To better understand if the effects of hypoxia were dependent on either wall thick-
ness or age, we corrected for age-related differences in artery wall thickness and re-
expressed the contractile responses to potassium in units of force per cross-sectional
area. These values (in 10° dynes / cm?) averaged 0.34£0.03, 0.43+0.05, 0.47+0.03,
and 0.44£0.03 in the normoxic fetus, 0.25+0.02, 0.2610.02, 0.42+0.03, and 0.47+0.05
in the hypoxic fetus, 0.32+0.02, 0.38%0.03, 0.4740.04, and 0.3940.03 in the normoxic
adult, and 0.341+0.04, 0.4110.06, 0.4920.07, and 0.47£0.04 in the hypoxic adult. Thus,
when contractile responses to potassium were compared in units of force per cross-
sectional area, chronic hypoxia had no significant effect in any of the adult arteries,
but significantly depressed contractility in all but the middle cerebral arteries of the
fetus. Overall then, in terms of contractility, chronic hypoxia appears to have an age-
dependent differential effect on responses to potassium.

Effects of altitude hypoxia on contractile responses to endogenous
norepinephrine

Given that 120 mM potassium is a most unphysiological stimulus, we repeated
this comparison using exogenous amines to induce tone, and obtained a similar re-
sult: chronic hypoxia inhibited contractile responses to exogenous amines only in
arteries of the fetus’. Thus, we decided to further examine the effects of chronic hy-
poxia on contractile responses to neuronally released norepinephrine. Using previ-
ously described methods?, the nerves within the artery wall were directly and selec-
tively stimulated at physiological frequencies causing release of neurotransmitters
and measurable contractile effects. For all arteries, normoxic responses were signifi-
cantly greater in adult than newborn arteries (Fig. 2). In sharp contrast, hypoxia en-
hanced all fetal responses to nerve stimulation, whereas it depressed these responses
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Figure 2 Effects of maturation and chronic hypoxia on stimulation-induced vasoconstriction:

Shown here are the results of transmural stimulation-response experiments carried out in adult and fetal
common carotid, basilar, posterior communicating, and middle cerebral arteries from animals maintained
under either normoxic or hypoxic conditions. The vertical error bars indicate standard errors for a minimum
of eight animals in each group, stimulus frequency is indicated on the x-axis in hertz, and the contractile
responses are indicated on the vertical axes, normalized relative to the maximum response to potassium in
each artery. All responses to transmural stimulation were blocked by 0.1 UM tetrodotoxin, thus indicating
that they were mediated by direct neuronal activation.
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in all adult arteries. Here again, then, is evidence that chronic hypoxia differentially
affected fetal and adult cerebral artery contractility.

To further understand how hypoxia may modulate contractile responses to nerve
stimulation, we analyzed these responses in terms of their pre-synaptic and post-syn-
aptic components. In the simplest terms, the pre-synaptic components govern the
release of neuronal neurotransmitter, and the post-synaptic determine the contractile
response to that neurotransmitter. One approach to study just the post-synaptic com-
ponent was to examine the dose-response characteristics for the neurotransmitter in-
volved. In the experiments shown in Figure 2 the neurotransmitter involved was nore-
pinephrine. Shown in Figure 3 then are the results of norepinephrine dose-response
experiments conducted in each of our experimental groups. Hypoxia depressed nor-
epinephrine sensitivity in all adult arteries, but in fetal arteries hypoxia depressed it in
only the middle cerebral, had no effect on the common carotid, and enhanced sensi-
tivity in the basilar and posterior communicating arteries. Another interesting obser-
vation was that in the intracranial arteries, maturation affected only the normoxic pD,
values, and had little effect on hypoxic pD,s. But the most important point was that
the opposing age-dependent effects of hypoxia on basilar and posterior communicat-
ing artery contractile responses to nerve stimulation could be explained at least par-
tially by corresponding differential effects on norepinephrine sensitivity: in these ar-
teries, the effects of hypoxia on pD, and responses to nerve stimulation were directly
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Figure 3 Effects of maturation and chronic hypoxia on norepinephrine pD, values:

In this plot, corresponding normoxic and hypoxic pD, values, which are simply the negative logarithms of
the ED50s of the dose-response curves, are plotted against each other for each experimental group for
common carotid (COM), basilar (BAS), posterior communicating (PC), and middle cerebral (MCA) arteries.
For reference, the line of identity is also indicated, and the arrows connecting the different points indicate
the effects of maturation. Given this arrangement, a point below the line of identity indicates hypoxic
depression of the sensitivity to norepinephrine, and conversely, a point above the line indicates hypoxic
enhancement of norepinephrine sensitivity.
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correlated. However, in the common carotid and middle cerebral arteries, no such
correlation existed, which clearly indicated that other, probably presynaptic, mecha-
nisms were involved, at least in these arteries.

Effects of altitude hypoxia on contractile responses to activation of the
cerebrovascular adrenergic innervation

A common method used to study the pre-synaptic component of neurogenic vaso-
constriction is to measure norepinephrine content using HPLC with electrochemical
detection. The results of such studies conducted using arteries from normoxic and
hypoxic term fetuses, and from normoxic and hypoxic non-pregnant adult sheep are
shown in Figure 4. What we found was that hypoxia had a modest inhibitory effect on
norepinephrine content in the arteries of the fetus, but had an augmenting effect on
the arteries of the adult. At first glance, it appeared hard to reconcile these findings
with the fact that hypoxia augmented neurogenic vasoconstriction in the fetus, but
depressed it in the adult. However, it is important to remember that NE content is the
product both the number of nerves in a tissue and the average content of NE per each
nerve fiber. In addition, NE content is often lower in nerves that fire often, than in
nerves that are generally quiescent!. Thus, these results suggest that, compared to nor-
moxic fetal arteries, hypoxic arteries have fewer nerve terminals or less NE per nerve
terminal. In turn, the opposite must be true in the adult arteries; hypoxic arteries have
more nerves or greater content per nerve. Overall, these content results demonstrate
once again, that chronic hypoxia has opposite effects in fetal and adult arteries.

One way to better understand how hypoxia is affecting NE content is to indepen-
dently measure nerve density. For adrenergic nerves, we can do this by quantifying
cocaine-sensitive NE uptake which is a sensitive and selective measure of NE con-
taining nerve terminals. Shown in Figure 5 are the results of such measurements in
our four artery types. Based on these measurements, hypoxia appeared to increase
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Figure 4 Effects of maturation and chronic hypoxia on norepinephrine content:

Shown here are the results of measurements of norepinephrine content using HPLC with electrochemical
detection for common carotid (Com), basilar (Bas), posterior communicating (PC), and middle cerebral
(MCA) arteries. The values are given relative to base-soluble protein and the error bars indicate standard
errors for the number of animals indicated. The abbreviations FN, FH, SNC, and SHC indicate normoxic
fetal, hypoxic fetal, normoxic adult, and hypoxic adult values, respectively.
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nerve density in the larger common carotid and basilar arteries of both the fetus and
adult. In the smaller and more peripheral arteries, most notably the middle cerebral
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Figure 5 Effects of maturation and chronic hypoxia on norepinephrine uptake:

Paired arteries were exposed to *H-norepinephrine with and without the presence of 0.1 M cocaine. The
differences between control and cocaine-treated arteries are shown above for our four basic artery types.
Vertical error bars indicate standard errors for the numbers of animals indicated in parentheses. Asterisks
indicate statistically significant differences between corresponding normoxic and hypoxic adult arteries at
the P<0.05 level (ANOVA). Note that in the larger common carotid and basilar arteries, that hypoxia
appears to increase nerve density in both fetal and adult arteries.
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artery, hypoxia tended to decrease nerve density, although this effect was not quite
statistically significant. Most importantly, hypoxia appeared to have a generally par-
allel effect on nerve density in both fetal and adult arteries, and thus density changes
alone cannot explain the differential age-related effects of hypoxia on NE content.
Combining these tesults with the NE content results, it then appears that chronic
hypoxia is decreasing the content of NE per nerve, due possibly to increased nerve
recruitment in fetal arteries, and in opposite fashion in adult arteries, is increasing the
content of NE per nerve, due possibly to decreased nerve recruitment.

Effects of altitude hypoxia on cerebrovascular adrenergic-peptidergic co-
transmission

Another factor that might also play a role in the effects of hypoxia on the contrac-
tile responses to nerve stimulation is the possible co-release of neuropeptide-Y, along
with NE, from adrenergic nerve terminals. In many adrenergic nerves, NPY is co-
localized with NE and released in varying ratios to NE in response to nerve stimula-
tion®. To examine this possibility, we repeated our nerve stimulation experiments fol-
lowing depletion of NE vesicles from adrenergic nerve terminals by pretreatment
with guanethidine. Following such treatment, any remaining tetrodotoxin-sensitive
neurogenic responses can be attributed to NPY release. When arteries were treated
with guanethidine and then stimulated at 8 Hz, the contractile responses (expressed
relative to the maximum response to potassium) in the common carotid, basilar, pos-
terior communicating, and middle cerebral arteries averaged 11.242.0,2.2+1.1, 1.2+0.7,
and 0.8+0.5% in normoxic adult arteries, 8.8+2.0, 0.6+0.2, 0.3+0.1, and 0.9+0.4% in
hypoxic adult arteries, 0.0£0.0, 0.340.2, 0.0£0.0, and 0.2£0.1 in normoxic fetal arter-
ies, and 2.9+1.9, 0.7+0.4, 3.1+1.6, and 2.3%1.1 in hypoxic fetal arteries. Thus, as
before for responses to neuronally released norepinephrine, maturation enhanced
normoxic responses to neuronally released NPY, and hypoxia generally depressed
these responses in adult arteries and enhanced them in the fetal arteries. In other
words, maturation increased the contribution from the NPY component under normoxic
conditions, hypoxia generally depressed the NPY component in adult arteries, and
enhanced it in fetal arteries. Given these results then, it seems appropriate to conclude
that the presynaptic effects of hypoxia are similar for NE and NPY, and are opposite
for fetuses and adults. In fetuses, hypoxia appears to decrease content per nerve due
possibly to increased nerve activity. In adults, hypoxia appears to increase content
per nerve due possibly to decreased nerve activity.

In summary then (Table 1), maturation increased responses to sympathetic nerve
stimulation, and these responses were depressed by hypoxia in adult arteries, but
were enhanced by hypoxia in fetal arteries. Maturation alone decreased sensitivity to
NE in common carotid and middie cerebral arteries, but enhanced it in the arteries at
the base of the brain. In basilar and posterior communicating arteries, hypoxia de-
pressed post-synaptic NE sensitivity in the adult and enhanced it in the fetus, which
can at least partially explain the effects of hypoxia on responses to nerve stimulation.
In the common carotid and middle cerebral arteries, however, the effects of hypoxia
on neurogenic vasoconstriction cannot be explained by changes in post-synaptic NE
sensitivity, and thus other, probably presynaptic effects must be involved. Given the
generally parallel effects of hypoxia on nerve density and NE content per nerve in
fetal and adult arteries, the age-dependent differential effects of hypoxia on responses
to sympathetic stimulation appear to involve age-related differences in nerve recruit-
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Common | Basilar | Posterior Middle
Carotid Artery | Communicating Cerebral
Maturation
Sympathetic Effect T T ) T
Responses Chronic
Hypoxia 17 i1 17 17
Maturation
Norepinephrine Effect { T T l
Sensitivity Chronic
Hypoxia 1-- 7 i —
Maturation
SANS Effect - 4 T 1
Innervation Chronic
Hypoxia T T ™ 14
Maturation
Non-SANS Effect T T T T
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Table 1: Contractility Summary

Summiarized above are the effects of maturation and chronic hypoxia on responses to sympa-
thetic nerve stimulation, norepinephrine sensitivity (as indicated by pD, values), sympathetic
innervation, and the peptidergic component of contractile response to adrenergic nerve stimu-
lation (defined as the guanethidine-resistant component of response to transmural nerve stimu-
lation). The index of sympathetic innervation indicated here reflects the ratio of uptake to
content, which is an index of the NE content per nerve. The effects of maturation were deter-
mined by comparing normoxic fetal and normoxic adult characteristics. The effects of chronic
hypoxia were determined by comparing age-matched normoxic and hypoxic characteristics.
The effects of chronic hypoxia are indicated for adults by the leftmost arrows or dashes in each
pair, and the rightmost arrows or dashes for fetuses. Dashes indicate no effect.

ment, due possibly to differences in factors such as quantal release or the thresholds
for activation. These age-related differences do not seem to be due to differences in
NPY release from adrenergic nerve terminals, as patterns of NPY release generally
follow those observed for NE release.

Effects of altitude hypoxia on endothelium-dependent cerebral vasodilator
responses

Overall, hypoxia has a generally depressant effect on contractility, when mea-
sured in potassium- or amine-contracted arteries. Opposite age-dependent effects of
hypoxia on contractility are most evident when responses to adrenergic nerve stimu-
lation are examined. Interestingly, such differences are generally not observed when
responses to vasodilator innervation are examined. We have performed such experi-
ments using capsaicin to release vasodilator peptides such as substance-P from vas-
cular nerve terminals, but in these experiments, the effects of hypoxia are generally
depressive in both fetal and adult arteries. Apart from nerve-mediated responses,
vasorelaxation can also be produced by several other mechanisms, the most impor-
tant of which is endothelium-dependent relaxation.
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In overview, the luminal surface of the endothelium contains a variety of recep-
tors, activation of which stimulates the enzyme nitric oxide synthetase, which in turn
synthesizes nitric oxide from L-arginine’. This nitric oxide can then diffuse into the
adjacent vascular smooth muscle where it can activate guanylate cyclase to synthe-
size cGMP which then promotes vasorelaxation through activation of G-kinase and
subsequent phosphorylation of an unknown protein, possibly Ca-ATPase in either the
sarcolemma or sarcoplasmic reticulum or a membrane potassium channel. In addi-
tion to agonists which activate the luminal endothelial receptors, endothelial NO-
synthetases can also be activated in a receptor-independent fashion through the action
of A23187, a calcium ionophore which facilitates the entry of activating levels of
calcium into the endothelial cytoplasm. At the vascular level, we can also stimulate
guanylate cyclase directly via the use of nitric oxide releasing agents such as S-nitroso-
N-acetyl-penicillamine or nitroglycerin®.

When 10 pM acetylcholine was added to arteries with an intact endothelium, the
relaxation responses varied markedly with both age and artery type (Fig. 6). Endothe-
lium-dependent responses to acetylcholine improved with maturation in the common
carotid, but worsened with maturation in the basilar, posterior communicating, and
middle cerebral arteries. Interestingly, chronic hypoxia had opposite effects on com-
mon carotid responses to acetylcholine in fetal and adult arteries. In the adult, hy-
poxia attenuated these responses, but augmented them in the fetus, and a similar pat-
tern was also observed in the middle cerebral. Effects of hypoxia were also opposite
in the posterior communicating, where they were augmented in the adult and de-
pressed in the fetus. Thus once again, we appeared to have age-dependent differential
effects of hypoxia in adult and fetal cerebral arteries.

One way to examine how hypoxia produced these effects was to compare the
acetylcholine responses to responses to A23187, keeping in mind that responses to
A23187 are receptor-independent whereas those to acetylcholine are not. Thus differ-
ences in responses to acetylcholine and A23187 can be attributed to differences in
acetylcholine receptor density. When we examined responses to A23187, we found a
pattern of effects quite different than observed for acetylcholine responses (Fig. 7).
Maturation alone generally had little effect, suggesting that the maturation effects
observed with acetylcholine were due largely to age-related changes in acetylcholine
receptor density, distribution, and/or affinity. Chronic hypoxia, however, still pro-
duced opposite effects in fetal and adult arteries. In adult arteries, A23187 responses
were enhanced by hypoxia, but were consistently depressed by hypoxia in fetal arter-
jes. This pattern of effects then suggests that hypoxia somehow enhanced endothe-
lium-dependent vasodilatation in adult arteries, but depressed it in fetal arteries. In
addition, these results also suggest that the age- and artery-specific effects of hypoxia
on responses to acetylcholine further involved changes in acetylcholine receptor den-
sity and/or coupling to endothelium-medijated relaxation.

Effects of altitude hypoxia on endothelium-independent cerebral vasodilator
responses

Just as responses to acetylcholine are affected by changes in the overall ability of
the endothelium to promote relaxation, responses to A23187 are similarly affected by
changes in the ability of the underlying vascular smooth muscle to respond to nitric
oxide released from the endothelium. To examine how vascular sensitivity to nitric
oxide changes during maturation and chronic hypoxia, we examined relaxation re-
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sponses to S-nitroso-N-acetyl-penicillamine, otherwise known as SNAP, which re-
leases nitric oxide in a mole-to-mole ratio upon hydration?. As for responses to A23187,
the effects of maturation on responses to SNAP were minimal®. In addition, hypoxia
attenuated responses to 10 uM SNAP in common carotid, basilar, posterior commu-
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Figure 6 Effects of maturation and chronic hypoxia on relaxation responses to acetylcholine:

Shown here are the averaged responses of arteries, pre-contracted with 1 UM serotonin, to 10 pM
acetylcholine. The vertical error bars indicate standard errors for the number of animals indicated. Asterisks
indicate statistically significant differences between fetal and adult arteries at the P<0.05 level (ANOVA).
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nicating, and middle cerebral arteries by -3.0, -12.4, -9.8, and -14.1% in the adult and
by -9.3, -11.0, -14.7, and -13.1% in the fetus. Thus the general effects of hypoxia
were consistent across both age groups. Hypoxia mildly attenuated the ability of all
arteries to respond to nitric oxide, and this modest effect was significant only by
ANOVA across all arteries of both age groups. Most importantly, this pattern sug-
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Figure 7 Effects of maturation and chronic hypoxia on relaxation responses to A23187:

Shown here are the averaged responses of arteries, pre-contracted with 1 UM serotonin, to 1 pM A23187,
a calcium ionophore which stimulates endothelium-dependent relaxation independent of membrane receptor
mechanisms. The vertical error bars indicate standard errors for the number of animals indicated.
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gests that the changes in responses to A23187 observed with hypoxia must have been
due to changes at the endothelial level.

One great advantage of knowing how maturation and hypoxia affect responses to
SNAP is that it allows for the correction of other responses for any changes in vascu-
lar sensitivity to nitric oxide. By correcting responses to A23187 relative to those to
SNAP, it is thus possible to examine the effects of hypoxia on the ability of the endo-
thelium to release nitric oxide. Using this approach (Fig. 8), it is quite evident that
hypoxia tended to modestly depress endothelial vasodilator capacity in the fetus, al-
though these effects were not individually significant. In contrast, hypoxia signifi-
cantly augmented endothelial vasodilator capacity in all adult arteries. Once again,
the effects of hypoxia were opposite in fetal and adult cerebral arteries.

In summary (Table 2), maturation enhanced responses to acetylcholine in the com-
mon carotid arteries, but depressed these responses in the intracranial arteries. Hy-
poxia depressed adult carotid responses to acetylcholine and enhanced them in arter-
ies at the base of the brain. In fetal arteries, hypoxia had no significant effects except
in the common carotid where responses were enhanced. Because maturation alone
had no significant effects on responses to A23187, a receptor-independent activator
of the endothelium, endothelial capacity probably changed little with age. Thus, the
age-related changes observed with acetylcholine were due to maturational increases
or decreases in acetylcholine receptor density and/or affinity. Hypoxia however, sig-
nificantly enhanced A23187 responses in adult arteries and had no effect on these
responses in fetal arteries. This finding in turn suggests that hypoxia probably in-
creased acetylcholine receptor density or affinity in fetal carotid arteries, and mark-
edly decreased these variables in the adult common carotid. At the vascular level, the
ability to relax in response to nitric oxide decreased slightly in response to either
maturation or chronic hypoxia. But even when responses to A23187 were corrected
for these effects, age-dependent differential effects of chronic hypoxia on endothelial
vasodilator capacity were still significant. Hypoxia enhanced endothelial vasodilator
capacity in the adult arteries, and had a mild depressive effect on the fetal arteries.

Conclusions

Altogether the main significant effect of chronic hypoxia on cerebral artery struc-
ture and composition was to increase protein content, and this effect was observed in
both fetal and adult cerebral arteries. Hypoxia also depressed contractile responses to
potassium and exogenous amines, and this effect was again observed in both fetal and
adult arteries. When these responses were corrected for age-related differences in
cross-sectional area, the hypoxic decreases in contractility were significant only in
the fetal arteries. Opposing differences between fetal and adult artery responses to
hypoxia became even more evident when we examined responses to adrenergic nerve
stimulation. There, hypoxia enhanced fetal responses but depressed those in adult
arteries. Some of these age-related differences were due to enhancement of NE sen-
sitivity in fetal arteries and depressions of NE sensitivity in adult arteries, but presyn-
aptic effects were also involved. Presynaptically, hypoxia tended to increase innerva-
tion density and neuronal NE content, but tended to depress nerve recruitment in
adult arteries and enhanced it in fetal arteries. Furthermore, these presynaptic effects
were similar for both the norepinephrine and the neuropeptide Y contained within
adrenergic nerve terminals. Although hypoxia tended to depress neurogenic vasodila-
tion in both fetal and adult arteries, it had opposite effects on endothelium dependent
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Figure 8 Effects of maturation and chronic hypoxia on the A23/SNAP ratio:

Shown in this figure are the A23187 data shown in Figure 7, expressed as A23187/SNAP ratios and thus
corrected for changes in vascular sensitivity to nitric oxide for common carotid (COM), basilar (BAS),
posterior communicating (PC), and middle cerebral (MC) arteries. The vertical error bars indicate standard
errors for the number of animals indicated. Asterisks indicate statistically significant effects of hypoxia at
the P<0.05 level.
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Table 2: Vasodilatation Summary

Summarized above are the effects of maturation and chronic hypoxia on responses to acetyl-
choline, A23187, and the nitric oxide releasing agent, S-nitroso-N-acetyl-penicillamine. The
symbols above are used as described for Table 1.

vasodilatation in the two age groups. It enhanced endothelial vasodilator capacity in
adult arteries, and depressed it in fetal arteries. Superimposed on these effects were
artery and age-specific changes in acetylcholine receptor density and distribution.
Hypoxia had only a mild depressive effect on vascular responses to directly applied
nitric oxide, and these effects were equivalent in both fetal and adult arteries.

The take-home message then is that hypoxia does indeed have multiple important
effects on fetal cerebrovascular development, and also on cerebral artery function in
adults. Many of the effects of hypoxia are parallel in fetuses and adults, such as those
on protein content, non-neurogenic contractile responses, adrenergic nerve density,
neurogenic vasodilator responses, and responses to nitric oxide. In contrast, hypoxia
has opposite effects on fetal and adult artery neurogenic vasoconstriction and endot-
helium-dependent vasodilatation. How are these different effects of hypoxia produced?
Where is hypoxia sensed and how are the long-term responses to hypoxia coordi-
nated? Most importantly, are these responses advantageous and representative of suc-
cessful compensation in both the fetus and the adult? Or do these responses reflect
any pathophysiology that may contribute to the greater cerebrovascular morbidity
observed in both newborns and adults at altitude? Many questions remain, and with
luck some answers to these and other questions should be forthcoming in the next few
years, and hopefully will be presented at a future International Hypoxia Symposium.
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ABSTRACT

Because the fetal heart is normally functioning near its maximum capability, it is
very sensitive to periods of hypoxemia. We have characterized the fetal sheep heart
response to long-term (110 days) high altitude (3,820m) hypoxemia and found a de-
crease in total cardiac output that is almost entirely due to a decrease in right ventricu-
lar output. The fetus does redistribute the decreased cardiac output to maintain nor-
mal blood flow to the heart and brain at the expense of the body. In the calcium
pathway for initiation of contraction, there was no change in sarcolemmal L-type
calcium channel number in either ventricle of high altitude fetuses, but an increase
was noted in sarcoplasmic reticulum calcium channels in the right ventricle. The right
ventricle of high altitude fetuses also showed a greater dependence on calcium stored
in the sarcoplasmic reticulum for initiation of contraction. 8-adrenergic receptor en-
hancement of myocardial contractility was reduced in the left ventricle of intact high
altitude fetuses, but no change was seen in the right ventricle. However, in isolated
papillary muscle a reduction in response to isoproterenol was noted in both ventricles.
An increase in B-adrenergic receptor number was found in the right, but not left,
ventricle of high altitude fetuses, suggesting alterations in the coupling of receptor to
intracellular second messengers. Energy production in high altitude fetal hearts ap-
pears to be enhanced as judged by increases in lactate dehydrogenase and citrate
synthase, enzymes associated with the metabolism of lactate, the primary fuel of the
fetal heart. Papillary muscle from high altitude fetal hearts also demonstrated the
ability to sustain stronger contractions in hypoxic conditions compared to control
hearts. Clarification of the intracellular mechanisms involved in the alteration of car-
diac function seen in high altitude fetal hearts will entail further studies of the cal-
cium pathway responsible for the initiation of contraction, the augmentation of con-
tractility by the B-adrenergic receptor system, and of energy production.

Introduction

Late gestation is a critical period in the development of the mammalian heart and
cardiovascular system. Key developmental changes occur in coronary blood vessel
growth, arrangement, autonomic innervation, and regulation of vascular tone. Key
changes are also occurring in myocardial myocyte number and size, myofilament
content and organization, myosin isozymes, sarcoplasmic reticulum content and func-
tion, autonomic innervation and its coupling to effector pathways, and energy pro-
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duction. Perturbations, such as bouts of intrauterine hypoxemia, have been hypoth-
esized as etiologic factors causing delayed myocardial maturation and increased
perinatal mortality and morbidity. However, little evidence exists to support this hy-
pothesis. Therefore, we undertook an examination of the effects of long-term intrau-
terine hypoxemia on fetal cardiac function and maturation.

When function of the fetal heart is described by the relationship between output,
stroke volume, or stroke work and atrial or end diastolic pressure, the normal fetal
heart has been found to operate near the plateau (or maximum) of its function curve
and to be very sensitive to increases in afterload (arterial pressure)''2131827 Based on
these findings the fetal heart might be expected to be very sensitive to hypoxemia.
However, during acute (30 min to 2 h) moderate hypoxemia fetal cardiac output does
not change dramatically, either remaining constant or falling an insignificant
amount™®?2, The fetus does respond to the acute hypoxemia with increased arterial
pressure’, bradycardia®’, increased blood flow to the heart and brain at the expense of
other organs'*?2%, and increased production of several hormones which support the
cardiovascular system, including catecholamines, vasopressin, renin, and erythropoi-
etin®'?*, However, whether the fetus can maintain its cardiac function and what mecha-
nisms might be involved during longer periods of hypoxemia has not been studied.

Short-Term Hypoxemia

We have carried out a number of studies of the developing fetal cardiovascular
system response to different periods of hyoxemia. We initially subjected pregnant
ewes and their fetuses to 14 days of hypoxemia (maternal PO, = 60 Torr) beginning
on day 120 of gestation (term = 145 days) and characterized both maternal and fetal
cardiovascular and endocrine responses. The pregnant ewes responded with a small
increase in hemoglobin concentration by day 2 of the hypoxemic period which lasted
throughout the 2 weeks of study. Maternal erythropoietin levels were doubled by 24
h, but quickly returned to near normal levels for the remainder of the study. Maternal
mean arterial pressure, cardiac output, heart rate, blood volume, body weight, uterine
blood flow, uteroplacental O, uptake, and the concentrations of glucose, catechola-
mines, and cortisol remained relatively constant®. Fetal erythropoietin levels rose to
5 times normal by 24 h, and then returned to levels just slightly above control for the
remainder of the study. This was followed by a gradual rise in fetal hemoglobin from
10 to 13 g/dl by day 7, where it remained. Fetal heart rate did not change, but fetal
arterial pressure and epinephrine levels were moderately elevated throughout the study
period®. Fetal right ventricular output was significantly depressed by day 3, whereas
left ventricular output was not reduced until day 7. By day 14 there was a 30-40%
decrease in total fetal cardiac output (the sum of right and left ventricular outputs). At
14 days of hypoxemia the sensitivity of the left ventricle to increases in afterload
(arterial pressure) was unchanged, but the right ventricle had become less sensitive to
increased afterload"'s.

Long-Term Hypoxia

We then carried out a series of fetal cardiovascular studies for a longer period of
hypoxemia in pregnant ewes exposed to 100-110 days of hypoxemia beginning on
day 30 of gestation, which form the main basis for this report. To carry out these
studies pregnant sheep were transported to the White Mountain Research Station, CA
(3,820m) at 30 days gestation, where they were housed until delivery to Loma Linda
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University for study. Upon arrival at Loma Linda University a nonocclusive maternal
tracheal catheter was implanted and nitrogen infused through this catheter to main-
tain the maternal arterial PO, the same as at high altitude during the further course of
experimentation. Table 1 shows the maternal and fetal blood gases and hemoglobin
of these animals after their residence at high altitude. The 17-18% decrease in fetal
arterial PO, would be classified as mild to moderate fetal hypoxemia, yet it produced
an ~20% increase in fetal hemoglobin levels.

Table 1.

Maternal and fetal blood gases at high altitude.

Control High Altitude

Mother
PO, (Torr) 102.1£1.9 64.212 4%
PCO, (Torr) 35.210.9 28.9+2 4%
pH 7.444+0.01 7.46x0.01
[Hb] (g/dl) 8.7+0.3 10.5+0.4*

Fetus

PO, (Torr) 23.320.5 19.31£0.8*
PCO, (Torr) 48.9+1.2 39.9+0.9%
pH 7.33+0.01 7.35£0.01
[Hb] (g/dl) 9.610.2 11.6+0.4*

* significantly different from control, p<0.05

Cardiovascular Responses

Following this length and level of hypoxemia total fetal cardiac output was sig-
nificantly decreased (-24 %) compared to normoxic fetuses (Fig. 1). This was brought
about by a significant reduction in fetal right ventricular output (-34 %), with little
change in left ventricular output. Thus, long-term hypoxemia beginning early in ges-
tation (30 days) resulted in changes in ventricular outputs somewhat different than 14
days of hypoxemia beginning late in gestation (120 days), during which both ven-
tricular outputs were decreased. We do not know in the longer exposure studies if left
ventricular output decreased and subsequently returned to normal or if it never de-
creased. In spite of this decreased total cardiac output, these long-term hypoxemic
fetuses maintained a normal blood flow to the heart and brain (Fig. 2) at the expense
of a greater than 50% reduction in blood flow to skeletal muscle, skin, and bone
(carcass)". Thus, a blood flow pattern exists in these fetuses which would be consis-
tent with the production of asymmetric growth retardation.

Mechanisms of Alterations in Cardiac Contractility

Subsequently, we began to examine several factors involved in cardiac contractil-
ity (Fig. 3) which might elucidate the mechanisms involved in the reduction in car-
diac function observed in the long-term hypoxemic fetuses. These areas included: 1)
the calcium pathway involving the calcium induced calcium release mechanism re-
sponsible for the initiation of contraction, 2) the augmentation of contractility by the
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Figure 1 Right and left ventricular output and total cardiac output in control (open bars) and high altitude
(black bars) fetuses. * significantly different from control, p<0.05.
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Figure 2 Blood flows to the brain, heart, and body in control (open bars) and high altitude (black bars)
fetuses. * significantly different from control, p<0.05.

B-adrenergic receptor system, and 3) the energy production pathways involved in
formation of ATP.

Calcium Pathway
To initiate a contraction, a cardiac action potential propagated over the myocar-
dial cell surface causes the opening of L-type calcium channels located in the T-
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CARDIAC CONTRACTILITY

Calcium Pathway B-Receptor  Energy Production
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Figure 3 Schematic of the calcium, B-adrenergic receptor, and energy production pathways involved in
initiation and maintenance of cardiac contractility.
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Figure4 Number (Bmax) of L-type calcium channels in the left (LV) and right (RV) ventricles of control
(open bars) and high altitude (black bars) fetal hearts.

tubule region of the sarcolemma. Calcium enters the cell through these channels where
much of it binds to specialized calcium channels located on the sarcoplasmic reticu-
Ium (SR). The binding of calcium to the SR calcium channels induces the release of
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calcium stored in the sarcoplasmic reticulum (calcium induced calcium release). Thus,
calcium from both sources (extracellular and sarcoplasmic reticulum) can then dif-
fuse and bind to troponin C, resulting in the initiation of contraction.

We have examined the effects of high altitude on the number of both L-type and
SR calcium channels and also on the relative importance of calcium induced calcium
release. The number of L-type calcium channels located in the T-tubular region of the
sarcolemma was unchanged in the high altitude fetuses (Fig. 4). However, the num-
ber of SR calcium channels was increased in the right ventricle of high altitude fe-
tuses (Fig. 5), although it remained unchanged in the left ventricle.

To test the relative importance of the calcium-induced calcium release mecha-
nism, we blocked the release of calcium from the sarcoplasmic reticulum by adminis-
tering ryanodine to papillary muscle strips maintained and stimulated in an isolated
bath system. A reduction in maximum developed tension (Tmax) in the papillary
muscles following ryanodine would indicate the minimum participation in contrac-
tion of calcium stored in the sarcoplasmic reticulum. In the left ventricle (Fig. 6)
ryanodine produced an approximate 55% reduction in maximum developed tension
in both the control and high altitude fetuses. However, in the right ventricle ryanodine
produced an ~70% decrease in Tmax in the high altitude fetuses compared to only a
50% decrease in the control fetuses. Thus, in the left ventricle, which demonstrated
no change in output in the high altitude fetuses (Fig. 1), there was also no change in
the calcium pathway for initiation of contraction. The right ventricle of high altitude
fetuses showed a greater dependence on calcium stored in the sarcoplasmic reticulum
for initiation of contraction, as indicated by a greater number of SR calcium channels
(Fig. 5) and a greater reduction in contractility when calcium release from the SR was
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Figure 5 Number (Bmax) of calcium channels on the sarcoplasmic reticulum of left (LV) and right (RV)
ventricles of control (open bars) and high altitude (black bars) fetal hearts. * significantly different from
control, p<0.05.
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blocked (Fig. 6). This response would not explain the reduction in right ventricular
output observed in the high altitude fetuses (Fig. 1), but might indicate an adaptive
response toward a possibly more mature contractile process in an attempt to over-
come the reduced output. Therefore, the myocardial mechanism responsible for the
reduction in right ventricular output in the high altitude fetuses remains unexplained.
Further investigation might focus on changes in the myocardial action potential, sen-
sitivity of troponin to calcium, or changes in myosin isoforms and isozymes.

B-Adrenergic Receptor Pathway

The B-adrenergic receptor system can enhance myocardial contractility after oc-
cupation of the receptor by an agonist (Fig. 3). This is accomplished mainly by a
resulting increase in cAMP and protein kinase A (PKA), resulting in phosphorylation
of L-type calcium channels and an increased entry of calcium during a myocardial
action potential. Evidence also suggests the direct stimulation of calcium movement
through L-type calcium channels by a stimulatory G_ protein. We have examined the
effects of the B-adrenergic receptor pathway in both the high altitude and control
intact fetus!” by measuring the right and left ventricular output response to an
isoproterenol dose response curve (Fig. 7). We found no difference between the high
altitude and control right ventricular response to isoproterenol. However, the high
altitude left ventricular response was diminished compared to the control left ven-
tricle. We also examined the response to isoproterenol in papillary muscle isolated
from both high altitude and control fetuses (Fig. 8). As shown by the measurement of
maximum developed tension (Tmax) to a maximum dose of isoproterenol, there was
adecrement in both right and left ventricular responses to $-adrenergic receptor stimu-
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Figure 6 Reduction in maximum developed tension (Tmax) of isolated papillary muscles by the blockade
of calcium release from sarcoplasmic reticulum with ryanodine in control (open bars) and high altitude
(black bars) fetal hearts. * significantly different from control, p<0.05.
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Figure 7 Effect of B-adrenergic receptor stimulation with isoproterenol on left (LVO) and right (RVO)
ventricular outputs of control (closed squares - CON) and high altitude (open circles - HYP) fetuses. *
significantly different from control, p<0.05.
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Figure 8 Effect of isoproterenol on the maximum developed tension (Tmax) of papillary muscle isolated
from the left (LV) and right (RV) ventricles of control (open bars) and high altitude (black bars) fetuses. *
significantly different from control, p<0.05.

lation. We are not sure of the reason for the difference in the isolated papillary muscle
response compared to the intact fetal heart response to isoproterenol. We have mea-
sured B-adrenergic receptor number (Fig. 9), finding an increased abundance of B-
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adrenergic receptors in the right ventricle of the high altitude fetuses, but no differ-
ence in the left ventricle.

Others have reported a decrease in B-adrenergic receptor number in both ven-
tricles of adult rats®, newborn rabbits?, and cultured chick heart cells** exposed to
long-term hypoxemia. However, Mader? reported no such decrease in 20 month old
rats and in newborn lambs®# and young (3 month) rats®® a reduction in B-adrenergic
receptor number was seen only in the left ventricle.

The reduction in functional response to isoproterenol we noted in the left ven-
tricle (Fig. 7 and 8) in the face of no change in B-adrenergic (Fig. 9) receptor number
suggests alterations in the coupling of receptors to intracellular second messengers.
This is also true of the right ventricle which exhibited either no change in response to
isoproterenol in the intact heart (Fig. 7) or a decrease in the isolated papillary muscle
(Fig. 8) in the face of an increased number of receptors (Fig. 9). Bernstein® has found
in the left ventricle of chronically hypoxemic newborn lambs that isoproterenol-stimu-
lated cAMP production was reduced compared to controls, but that forskolin-stimu-
lated cAMP production in those ventricle was not different from control, suggesting a
reduction in receptor coupling to adenylate cyclase in these hyoxic newborn left ven-
tricles.

Clarification of the alterations in B-adrenergic receptor function in high altitude
fetal hearts must await measurement of linking between the receptor and intracellular
messengers. We are in the process of measuring cAMP production in response to f3-
adrenergic receptor stimulation, as well as to direct stimulation by forskolin, to exam-
ine the linking of the receptor to the adenylate cyclase system. Further studies will
focus on the increases in the intracellular binding of protein kinase A in response to B-
adrenergic receptor stimulation and to direct stimulation with dibuteryl cAMP.
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Figure 9 Number (Bmax) of B-adrenergic receptors in the left (LV) and right (RV) ventricles of control
(open bars) and high altitude (black bars) fetuses. * significantly different from control, p<0.05.
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Energy Production

All contractile processes in the heart are sustained by the production of ATP as the
energy source for all intracellular processes. We hypothesized that high altitude fetal
hearts would develop an enhanced ability to produce ATP. We have begun to test this
hypothesis by measuring key regulatory metabolic enzymes involved in energy pro-
duction. Because the fetal heart utilizes glucose and lactate for energy production to
the exclusion of free fatty acids™'’, we chose to initially examine pyruvate kinase as
an indicator of glycolytic capability, lactate dehydrogenase which is involved in the
interconversion of lactate and pyruvate, and citrate synthase as an indicator of aerobic
capacity of the tricarboxylic acid cycle. We found significant increases in lactate de-
hydrogenase and citrate synthase activities in both the right and left ventricles of high
altitude fetal hearts, but no change in the activity of pyruvate kinase (Fig. 10). Thus,
as judged by these enzyme activity changes, the high altitude heart displayed an en-
hanced ability to use its primary fuel, lactate®'°, but no increased ability to metabolize
glucose. To completely characterize the utilization of glucose and lactate in energy
production, a number of other key enzymes in both the glycolytic and TCA pathways
must be examined, as well as the function of the electron transport chain. If the high
altitude fetal heart is capable of enhanced energy production, as suggested by the
changes in lactate dehydrogenase and citrate synthase, these hearts should be able to
sustain stronger contraction in hypoxic conditions compared to control hearts. To test
this idea, we measured maximum developed tension (Tmax) in isolated papillary
muscle subjected to varying levels of oxygen tension in the bath solution. When the
bath was equilibrated with 20% oxygen (baseline is 95% oxygen), Tmax in control
hearts was reduced to approximately 30 and 40% in the left and right ventricles,
respectively. However, Tmax in the high altitude hearts was reduced to only approxi-
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Figure 10  Activities of pyruvate kinase, lactate dehydrogenase, and citrate synthase in the left (LV) and
right (RV) ventricles of control (open bars) and high altitude (black bars) fetuses. * significantly different
from control, p<0.05.
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mately 45 and 55% in the left and right ventricles. These data are consistent with the
hypothesis that the high altitude hearts are capable of greater energy production to
sustain stronger contractions in hypoxic conditions.

Summary

In summary, the fetus responds to long-term (110 days) high altitude (3820m)
with a decrease in total cardiac output, that is almost entirely due to a decrease in right
ventricular output. It redistributes the decreased output to maintain blood flow to the
heart and brain at normal levels at the expense of reduced flow to the body. In the
myocardium of the high altitude fetus there was no change in the number of L-type
calcium channels in either ventricle, but an increase was noted in SR calcium chan-
nels in the right ventricle. The right ventricle of high altitude fetuses also showed a
greater dependence on calcium stored in the sarcoplasmic reticulum for initiation of
contraction, as demonstrated by blocking of SR calcium release with ryanodine. B-
adrenergic receptor enhancement of myocardial contractility was reduced in only the
left ventricle of intact high altitude fetuses, but a reduction was demonstrated in iso-
lated papillary muscle from both right and left ventricles. An increase in B-adrenergic
receptor number was seen in only the right ventricle of high altitude fetuses. Energy
production in high altitude fetal hearts appears to be enhanced as judged by increases
in the metabolic enzymes lactate dehydrogenase and citrate synthase, as well as the
ability of isolated papillary muscle to sustain stronger contractions in hypoxic condi-
tions. Clarification of the intracellular mechanisms involved in the changes observed
in high altitude fetal hearts will involve further studies of the calcium pathway re-
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Figure 11 Reduction in maximum developed tension (Tmax) of isolated papillary in a bath system
equilibrated with 20% oxygen (baseline is 95% oxygen) in the left (LV) and right (RV) ventricles of control
(open bars) and high altitude (black bars) fetuses. * significantly different from control, p<0.05.
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sponsible for the initiation of contraction, the augmentation of contractility by the B-
adrenergic receptor system, and of energy production.
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CHAPTER 13
THE NEWBORN AT HIGH
ALTITUDE:
CARDIOPULMONARY
FUNCTION

Susan Niermeyer, M.D.
Section of Neonatology, Department of Pediatrics
University of Colorado School of Medicine
Denver, Colorado

Background

The transition which occurs at birth, in which the lungs change from fluid-filled
to air-filled, pulmonary blood flow increases dramatically, and vascular shunts re-
verse in direction and close, is one of the most dramatic series of physiological events
in the human lifespan. These events can occur successfully under the hypoxic condi-
tions of high altitude, but the transitions are not without perils.

Soon after arrival of the Spaniards in the Andes in the mid-16th century, the new
settlers expanded the ancient city of Potosi, a silver-mining center at an altitude of
4000m. The historian Antonio de la Calancha wrote that in the early years, no Span-
ish infants born in the city survived®. Immigrant mothers began the practice of de-
scending to nearby valleys to give birth. Their children remained at lower altitude
until more than a year of age, when they would be brought up to Potosi. The first
Spanish infant to survive after delivery in Potosi was born 53 years after the founding
of the city, on Christmas Eve 1598.

While few details of the circumstances surrounding the birth and death of infants
in the 16th century are available, it is easy to imagine neonates of low birthweight,
maximally susceptible to cold stress, who achieved only very low arterial oxygen
saturations without the availability of supplemental oxygen. Death could result from
hypothermia, hypoglycemia, or dehydration, as well as apnea or extreme hypoxemia
perhaps resulting from persistent pulmonary hypertension of the newborn.

With a focus on arterial oxygen saturation, ventilation, and the pulmonary circu-
lation in the newborn, it is possible to identify altitude-related alterations in function,
instances of successful adaptation, and examples of morbidity and mortality related
to birth or residence at high altitude. Throughout the evidence two themes are inter-
woven: differential effects with increasing altitude and differences in response among
various population groups.

Arterial Oxygen Saturation
Arterial oxygen saturation plays a critical role in postnatal transition because of
its function as a pulmonary vasodilator. In addition to physical expansion of the lungs
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with the first several breaths, alveolar oxygen dilates the pulmonary arterioles, allow-
ing increased pulmonary blood flow after birth.

At sealevel, SaO2 immediately after birth is between 47 and 61% as measured by
pulse oximetry. By 7 minutes SaO, has risen to more than 80%"'. Sa0, remains some-
what lower in all infant activities during the first week of life (91.2 + 3.7% to 96.2 +
2.6%) as compared to the remainder of the neonatal period and infancy when SaO,
values are between 94% and 98%18,

At an altitude of 1610m in Denver, Colorado, pulse oximetry performed in term,
appropriate-weight-for-gestational age, healthy infants showed mean SaO, between
92 and 94% from 24-48 hours age through age 3 months while awake, sleeping, and
feeding™. At 24 to 48 hours of age, there was no effect of infant activity on saturation.
At 1 and 3 months of age, SaO, was higher while awake and feeding than during
sleep. Between 24-48 hours and 1 month of age, SaO, while awake increased slightly,
but significantly, in a pattern similar to that seen at sea level.

At 3100m in Leadville, Colorado® mean arterial oxygen saturation ranged from
80.6£5.3% to 91.1 £ 1.7% from 6-24 hours age through 4 months (Fig. 1). SaO, fell
during the first week after birth and then rose gradually to attain near-birth values at 2
and 4 months of age. At 6-24 hours and 24-48 hours, there was no effect of infant
activity on saturation. At and after 1 week of age, values were higher during wakeful-
ness than during active or quiet sleep. Feeding was intermediate between quiet awake
and sleep.

The decrement in Sa0, at 3100m compared to 1610m is similar to or slightly
more than the reduction observed in adults. The pattern of higher SaO, while awake
than during sleep is consistent with observations at 1610m and sea level; however,
the fall in SaO, at 1 week differed from the pattern observed at lower altitudes. The
drop in Sa0, was consistent with clinical observations that babies who develop signs
of hypoxemia (e.g. cyanosis, irritability, poor feeding, and failure to gain weight)
often become symptomatic around 1 week of age.

At 3658m in Lhasa, Tibet, Sa0, was examined by pulse oximetry in a group of 15
Tibetans and 15 Han neonates born in Lhasa?. By study design, the Han and Tibetan
mothers differed in altitude of birth and duration of high-altitude residence (Table 1).
The neonates were similar in gestational age and Apgar scores; however the Han had
lower birth weights and higher hemoglobin and hematocrit than the Tibetans. SaO,
was higher in the Tibetans from birth through 4 months age. In both groups SaO, was
highest in the first two days after birth (9243 and 91+4% while awake at one and two
days in the Han and 942 and 93+2% in the Tibetans) and fell by one week to 87+6%
in the Han and 89+3% in the Tibetans (Fig. 2). SaO, during wakefulness was greater
than during sleep at one week. SaO, in the Han declined progressively to 76+5%
during quiet sleep at 4 months, while the Tibetans’ values stabilized at 8615%.

Tibetans are unique in their length of ancestry at altitude, the lack of admixture
with other populations, and the absence of migratory patterns to low altitude. The
native Quechua population in Peru is analogous to the Tibetans with respect to long
ancestry at high altitude. At an altitude of 3750m in La Oroya, Peru, SaO, values in
2- to 5-month-old infants averaged 87.8+2.6%?..

At the extreme altitude of 4540m in Morococha, Peru directly measured arterial
saturations ranged from 57% to 75% in newborn infants from 30 minutes to 72 hours
of age®. SaQ, at this altitude remained in the range of 74-80% throughout infancy.
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Figure 1 Arterial oxygen saturation (Sa0,, percent) in infants at 3100m while awake, feeding, and dur-

ing active and quiet sleep, and RVP/LVP ratio (mean + SEM) at each study period.
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Figure 2  Arterial oxygen saturation (SaQ,, percent) in Tibetan and Han infants at each study time while
awake, feeding, in active sleep and in quiet sleep (Mean + SEM). Tibetan values were greater than Han

(P < 0.05) at 1 mo. and beyond in all conditions except waking and feeding at 4 mos.
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Table 1. Group Characteristics of Han and Tibetan Mothers and Infants

VARIABLE HAN TIBETAN
Maternal
Age, yrs 25+1 25+1
Parity 1.3%0.1 1.320.1
Altitude of birth, m < 500 > 3000*
Residence > 3000m, yrs 2+1 25+1%*
Infant
Birth weight, g 2773492 3067+107+
Gestational age, wk 38.91£0.4 38.910.4
Sex 8F, ™ 9F, 6M
Apgar score—1 minute 8 8
5 minute 10 9
Cord blood hemoglobin, g/dl 18.610.8 16.7£0.4+
Cord blood hematocrit, % 58.5%2.4 51.4£1.2#
Mean *+ SEM.

*P < 0.001, +P = 0.04, #P = 0.01

To convert values for hemoglobin to grams per liter, multiply by 10.

Comparing the saturations obtained at 1610m, 3100m, and 3658m with similar
study designs and the same oximeter, there is an evident decrease in saturation with
increase in altitude. While oxygen saturation decreases as altitude increases, the change
in saturation is not linear as hyperventilation occurs to varying degrees, leading to a
smaller drop in alveolar oxygen. Hyperventilation also increases pH and thus shifts
the oxyhemoglobin dissociation curve to the left?®. Differences in SaO, between wake-
fulness and sleep states are prominent at high altitude. There exist dramatic differ-
ences in Sa0, between infants of two population groups residing in the same location
but differing in their high-altitude ancestry.

Breathing Patterns

As hypoxia alters breathing patterns in adults, it has similar effect on respiration
in neonates. Data on periodic breathing in neonates are highly variable due to differ-
ent definitions of the event, various monitoring methods, and subjects across a range
of postconceptual and postnatal ages. Periodic breathing is seen in up to 78% of full-
term neonates in the first 2 weeks of life at sea level'. Its prevalence declines with
postnatal age—perhaps as early as 1 month and definitely by 5-6 months'®. Exagger-
ated periodic breathing and apnea during hypoxia are well recognized in the preterm
neonate' .

In 1935 Deming and Washburn studied the rate, volume, and character of respira-
tion in healthy infants from 20 hours to 13 weeks of age in the nursery of the Salva-
tion Army Home in Denver®. Using a specially constructed respiratory chamber,
spirometer, and kymograph, they found periodic breathing in the 27 infants studied to
be “much more frequent and less transitory . . . than has been previously described.”
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They described three principal types of breathing: regular, cog-wheel with quick in-
spiration and prolonged expiration, and periodic.

Sixty-five percent of newborn infants in Denver and 100% of neonates in Leadville
showed irregular respiratory patterns in an early study by Lubchenco'®. The infants
with periodic breathing exhibited a repetitive pattern of 4 to 6 breaths over 6-7 sec-
onds followed by a pause of 6-7 seconds.

Current investigations in Leadville are examining the relationship between breath-
ing patterns and arterial oxygen saturation. At 24-48 hours, 1 week, 1 month and 3
months infants are studied using pulse oximetry and respiratory inductive plethys-
mogtaphy. Preliminary results confirm the occurrence of periodic breathing in all
infants older than 48 hours. Periodic breathing is observed in both active and quiet
sleep and is associated with a cyclic pattern of oxygen saturation; often the lowest
saturation occurrs after the onset of respirations. The duration of periodic breathing
is prolonged as compared to that reported from sea level. This phenomenon may well
provide partial explanation for the significant drop in mean saturations at one week
of life and the persistence of lower saturations in sleep through 4 months at high
altitude.

Periodic breathing may represent an exaggeration of normally occurring oscilla-
tions in respiratory frequency and tidal volume; thus it may constitute a phase of
normal developmental changes in respiratory control®?’. Several models have been
proposed for feedback loops regulating periodic breathing; in these models loop gain
is dependent on chemosensitivity, mixed venous pCO,, circulatory delay, functional
residual capacity, and cardiac output®™*. Peripheral chemoreceptor reflexes and the
interaction of central and peripheral chemoreceptors may be especially important in
the regulation of periodic breathing in newborns'®. The absence of periodic breathing
in the first 48 hours of life is attributed to a functionally inactive carotid chemorecep-
tor during this period*!*. Recent work in newborn animal models supports the idea of
age-related changes in chemosensitivity during the first days of life's.

Pulmonary Circulation

The postnatal fall in pulmonary artery pressure (PPA) is central to achieving higher
Pa0, and effecting first functional, then anatomic closure of the atrial and ductal
shunts. The strongest data demonstrating a prolonged postnatal fall in pulmonary
artery pressure come from extreme high altitude.

Newborns at 4540m in Peru (P, 446 mm Hg, alveolar oxygen partial pressure 50
mm Hg) showed persistence of near-systemic pulmonary artery pressure values for
several days following birth®, In contrast, a rapid postnatal fall to adult levels of pul-
monary artery pressure occurs in the first 3 days of life at sea level”. At high altitude
right-to-left ductal shunt was documented until 5 hours; bidirectional flow occurred
for another 5 hours; left-to-right flow was documented at 72 hours, when mean aortic
pressure slightly exceeded mean pulmonary artery pressure. In 3 infants, administra-
tion of 100% oxygen at 72 hours resulted in a dramatic fall in PPA to values near
those of infants at sea level®.

These findings are confirmed by right heart cardiac catheterization data from in-
fants and children under 5 years of age at 4330m and 4540m in Peru who had elevated
pulmonary artery pressures and increased pulmonary vascular resistance?. Regres-
sion of the fetal pulmonary vascular pattern was delayed in South American children
living at high altitudes®. Thickening of the muscular layer of small pulmonary arteries
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and muscularization of the pulmonary arterioles regressed slowly; in some cases a
fully adult pattern was never reached.

The prolonged course of decrease in pulmonary vascular resistance and pressure
and right ventricular dominance is associated with delayed functional closure of the
foramen ovale and ductus arteriosus. Gamboa, Marticorena, and Pefialoza reported
patent ductus arteriosus in 0.74% of children in Cerro de Pasco at 4330m in contrast
t0 0.05% in the children of Lima at sea level’. An increased prevalence of atrial septal
defect and patent ductus arteriosus was confirmed in a study of school children in
three high-altitude sites in Qinghai Province, China. Prevalence increased from zero
at sea level to more than 5% at 4500m". Elevated right atrial pressure diminishes the
pressure differential between right and left atria which causes the flap of the foramen
ovale to close and functionally seal the atrial septum. Oxygen is a stimulus to ductal
closure in the neonate; decreased oxygen tension is presumed to contribute to the
increased prevalence of patent ductus arteriosus at high altitude®*"".

In Lhasa at 3658m fifteen infants and children who died at ages 3 to 16 months
with signs of pulmonary hypertension and right heart failure defined the syndrome of
subacute infantile mountain sickness®. Clinical signs and symptoms included dyspnea,
cough, cyanosis, sleeplessness and irritability, facial edema, hepatomegaly, and oliguria.
Histologic findings included medial hypertrophy of small pulmonary arteries,
muscularization of pulmonary arterioles, and severe right ventricular hypertrophy
and dilation. All children were Han except one Tibetan boy, and all but two children
were born at low altitude and brought to Lhasa an average of 2 months prior to pre-
sentation. A control group of native Tibetan infants and children who died of non-
cardiopulmonary causes showed normal thin-walled pulmonary arteries and arteri-
oles after 4 months of age.

In Leadville (1610m) Khoury and Hawes reported 5 infants and 6 older children
with a similar clinical syndrome'®. Cardiac catheterization performed in 3 infants
revealed pulmonary hypertension; one infant who died showed medial hypertrophy
and intimal thickening of pulmonary arterioles and disruption of the internal elastic
lamina.

In conjunction with recent studies of arterial oxygen saturation in Leadville,
echocardiography was performed to assess indices of pulmonary artery pressure'.
Using the left ventricular systolic circular index technique to obtain the ratio of right
ventricular pressure to left ventricular pressure (RVP/LVP), values were within the
normal to moderately elevated range during the first week of life and within the nor-
mal range in all 2- to 4- month infants. Of note is that all neonates in Leadville receive
supplemental oxygen in the immediate postnatal period.

Current studies in Leadville are using Doppler echocardiography to document
tricuspid regurgitation and estimate pulmonary artery pressure. Preliminary findings
are consistent with those from the previous study.

At very high altitudes and without the use of supplemental oxygen, the postnatal
fall in pulmonary artery pressure is quite slow. Fetal cardiovascular patterns persist
into childhood in South American populations; whereas pathologic data in Tibetan
infants indicate a more rapid involution of fetal patterns, again suggesting population
differences in adaptation to high altitude. Even at lower altitudes, susceptible indi-
viduals may suffer from symptomatic pulmonary hypertension; however, persistent
pulmonary hypertension does not appear to be prevalent at moderate altitude.
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Conclusion

The newborn at high altitude experiences a slower transition from fetal to mature
patterns of cardiopulmonary function. Arterial oxygen saturation rises slowly after
birth and remains lower than at sea level. SaO, declines by one week of age and is
lower in sleep than wakefulness. Certain populations show an exaggerated and pro-
longed fall in Sa0, associated with clinical signs of hypoxemia. Periodic breathing
patterns are observed in all neonates at high altitude. The duration of periodic breath-
ing in sleep is greater than at sea level and is associated with cyclic changes in SaO,.
Pulmonary artery pressure falls very slowly with persistence of fetal pulmonary vas-
cular patterns and a higher prevalence of persistent right-to-left shunts. Symptomatic
pulmonary hypertension may develop in susceptible infants at high altitude.

References

1. ALVARO, R,, J. ALVAREZ, K. KWIATKOWSKI, D. CATES, and H. RIGATTO. Small preterm
infants (1500 g) have only a sustained decrease in ventilation in response to hypoxia. Pediatr. Res.
32: 403-406, 1992.

2. ALZAMORA-CASTRO, V., G. BATTILANA, R. ABUGATTAS, S. SIALER. Patent ductus arteriosus
and high altitude. Am. J. Cardiol. 5: 761, 1960.

3. ARIAS-STELLA, J. and M. SALDANA. The muscular pulmonary arteries in people living at high
altitudes (Abstract). Fifth Annual Conference on Research in Emphysema, Aspen, CO, 1962.

4. BARRINGTON, K. J., N. N. FINER, and M. H. WILKINSON. Progressive shortening of the periodic
breathing cycle duration in normal infants. Pediatr. Res. 21: 247-251, 1987.

5. DELACALANCHA, A. Quoted in Monge C. Acclimatization in the Andes. Baltimore: Johns Hopkins
Press, 1948, p. 36.

6. DEMING, J. and A. H. WASHBURN. Respiration in infancy. I. A method of studying rates, volume
and character of respiration with preliminary report of results. Am. J. Dis. Child. 49: 108-124, 1935.

7. EMMANOUILIDES, G.C.,A.J. MOSS, E.R. DUFFIE, and F. H. ADAMS. Pulmonary artery pressure
changes in human newborn infants from birth to 3 days of age. J. Pediatr. 65: 327-333, 1964.

8. GAMBOA, R. and E. MARTICORENA. Presion arterial pulmonar en el recién nacido en las grandes
alturas. Arch. Inst. Biol. Andina 4: 55-66, 1971.

9. GAMBOA, R., E. MARTICORENA, and D. PENALOZA. The ductus arteriosus in the newborn
infant at high altitude. Vasa 1:192-195, 1972.

10. GLOTZBACH, S.F. and R. L. ARTAGNO. Periodic breathing. In: Respiratory Control Disorders in
Infants and Children, R. C. Beckerman, R. T. Brouillette, C. E. Hunt. (eds.) Baltimore: Williams &
Wilkins, 1992, pp. 142-160.

11. HARRIS, A. P, M. J. SENDAK, and R. T. DONHAM. Changes in arterial oxygen saturation
immediately after birth in the human neonate. J. Pediatr. 109: 117-119, 1986.

12. KELLY, D.H., L. M. STELLWAGEN, E. KAITZ, and D. C. SHANNON. Apnoea and periodic
breathing in normal full-term infants during the first twelve months. Pediatr. Pulmonol. 1: 215-219,
1985.

13. KHOURY, G.H. and C. R. HAWES. Primary pulmonary hypertension in children living at high
altitude. J. Pediatr. 62: 177-185, 1963.

14. LAHIRI S.,J. S. BRODY, E. K. MOTOYAMA, and T. M. VELASQUEZ. Regulation of breathing
in newborns at high altitude. J. Appl. Physiol. 44: 673-678, 1978.

15. LUBCHENCO, L. O., B. L. ASHBY, M. MARKARIAN. Periodic breathing in newborn infants in
Denver and Leadville, Colorado (Abstract). Society for Pediatric Research Program and Abstracts,
1964, p. 50.

16. MATSUOKA, T. and J. P. MORTOLA. Effects of hypoxia and hypercapnia on the Hering-Breuer
reflex of the conscious newborn rat. J. Appl. Physiol. 78: 5-11, 1995.

17. MIAO, C-Y,, J. S. ZUBERBUHLER, and J. R. ZUBERBUHLER. Prevalence of congenital cardiac
anomalies at high altitude. J. Am. Coll. Cardiol. 12: 224-228, 1988.

18. MOK,J.Y,,F.J. MCLAUGHLIN, M. PINTAR, H. HAK, R. AMERO-GALVEZ, and H. LEVISON.
Transcutaneous monitoring of oxygenation: What is normal? J. Pediatr. 108: 365-371, 1986.

19. NIERMEYER, S., E. M. SHAFFER, E. THILO, C. CORBIN, L. G. MOORE. Arterial oxygenation
and pulmonary arterial pressure in healthy neonates and infants at high altitude. J. Pediatr. 123: 767-
772, 1993.




CARDIOVASCULAR FUNCTION IN THE NEWBORN AT ALTITUDE 163

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

NIERMEYER, S., P. YANG, SHANMINA, DROLKAR, J. ZHUANG, and L. G. MOORE. Arterial
oxygen saturation in Tibetan and Han infants born in Lhasa, Tibet. (submitted)

REULAND, D. S., M. C. STEINHOFF, R. H. GILMAN, M. BARA, E. G. OLIVARES, A. JABRA,
and E. FINKELSTEIN. Prevalence and prediction of hypoxemia in children with respiratory infections
in the Peruvian Andes. J. Pediatr. 119: 900-906, 1991.

RIGATTO, H. and J. P. BRADY. Periodic breathing and apnoea in preterm infants. II. Hypoxia as a
primary event. Pediatrics 50: 219-228, 1972.

SHANNON, D. C., D. W. CARLEY, and D. H. KELLY. Periodic breathing: Quantitative analysis
and clinical description. Pediatr. Pulmonol. 4: 98-102, 1988.

SIME, F, N. BANCHERO, D. PENALOZA, R. GAMBOA, J. CRUZ, and E. MARTICORENA.
Pulmonary hypertension in children born and living at high altitudes. Am. J. Cardiol. 11: 143-149,
1963.

SUI, G. ], Y. H. LIU, X. S. CHENG, 1. S. ANAND, E. HARRIS, P. HARRIS and D. HEATH.
Subacute infantile mountain sickness. J. Pathol. 155: 161-170, 1988.

THILO, E. H., B. PARK-MOORE, E. R. BERMAN, and B. S. CARSON. Oxygen saturation by
pulse oximetry in healthy infants at an altitude of 1610m (5280 ft). What is normal? Am. J. Dis.
Child. 145: 1137-1140, 1991.

WAGGENER, T. B, I. D. FRANTZ III, and A. R. STARK. Oscillatory breathing patterns leading to
apnoeic spells in infants. J. Appl. Physiol. 52: 1288-1295, 1982.

WARD, M. P, J. S. MILLEDGE, and J. B. WEST, eds. High Altitude Medicine and Physiology.
Philadelphia, PA: University of Pennsylvania Press, 1989, pp. 197-200.

WEST, J. B., R. M. PETERS, G. AKSNES, K. H. MARET, J. S. MILLEDGE, and R. B. SCHOENE.
Nocturnal periodic breathing at altitudes of 6,300 and 8,050m. J. Appl. Physiol. 61: 280-287, 1986.




164 MONGE

CHAPTER 14
MONGE'’S DISEASE: 70 YEARS
AFTER ITS FIRST
DESCRIPTION

Carlos Monge-C
Biophysical Laboratory, Department of Physiological Sciences
and High Altitude Research Institute. Universidad Peruana
Cayetano Heredia. Apartado 4314, Lima 100, Peru

The Peruvian Andes have been the site of intensive research on the anthropology,
physiology and pathology of human populations living permanently at high altitude.

The pre-Inca and Inca populations were known for their intensive migratory hab-
its and their colonization of coastal communities. After the Spanish conquest, the
Peruvian population was reduced to one tenth its original number. Thus, the genetic
pool was diluted, to be slowly recomposed with an admixture of races.

These factors acted against the natural selection, in the Darwinian sense, of those
most fit for life at high altitude, thus resulting in a weak genetic selection. On the
other hand, humans have a sea-level physiological design which requires a strong
natural selection for the hypoxic environment. This negative combination must be
taken into account when considering the problem of chronic mountain sickness.

Chronic mountain sickness or Monge’s disease has a biological basis. It should be
considered as a disease of the population and not as a discrete clinical entity affecting
only a few individuals. T will present a brief summary of some important Peruvian
investigations carried out on this subject. To shorten the presentation I will use illus-
trations when appropriate.

In 1925 Carlos Monge-M (Monge Medrano in Peru), reported to the National
Academy of Lima his first case of chronic mountain sickness and titled it “Vaquez’s
disease (high altitude erythremic syndrome)”. At that time, this name was used to
describe cases of pathological polycythemia'®. (Fig. 1).

In 1927 he organized an expedition to Cerro de Pasco (Peruvian Andes, 4300m)
in order to refute Joseph Barcroft’s affirmation that acclimatization to high altitude
did not exist. The results were published in 1928. (Fig. 2)'>5"", Although the book’s
intention was to refute Barcroft and demonstrate that the high-altitude native was
fully acclimatized, it was titled “The Disease of the Andes” and contained the first
detailed description of chronic mountain sickness. It seems that Monge-M’s need to
show the medical importance of this new clinical entity predominated over his inter-
est in refuting Barcroft.

The name Monge’s disease was first proposed by Professor H. Vaquez (Marcos
Cueto, personal communication) to Professor G.H. Roger, Dean of the School of
Medicine in Paris, who suggested the use of this name in the preface of a book in
French, written in 1929'. During an expedition to Chile in 1935, J. Talbott and D.B.
Dill found a case of chronic mountain sickness and independently proposed the same
name for this clinical entity.' (Fig. 3).
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1925. Carlos Monge M.

Lima

Sobre un caso de Enfermedad de Vaquez
(Sindrome eritrémico de altura). Presented
to the National Academy of Medicine of
Lima in 1925, the same year Barcroft
published “The Respiratory Function of
the Blood: Lessons from High Altitude”

Carlos Monge M.
1927 expedition to Cerro de Pasco

“La Enfermedad de los Andes” (1928). Andean
natives are fully acclimatized. Chronic Mountain
Sickness is the loss of acclimatization. Why
then the book’s title “The Disease of the
Andes? . . . (Monge-C has an answer).

Figure 1

Monge-M was influenced by the writings of Father F. de Acosta in the XVI cen-
tury and E Viault in the XIX century. During the entrance examination to the San
Marcos University School of Medicine, Viault was able to answer correctly a ques-
tion on high altitude polycythemia. (Fig. 4).!2**! In his later years, he devoted himself
to the cultural anthropology of high altitude populations intending to convince the
Peruvian government on the need to improve the Andeans’ way of life.

Alberto Hurtado played a fundamental role in the study of high altitude acclima-
tization in the Peruvian Andes. Because the University of San Marcos was closed due
to political disturbances, he went to Harvard University where he completed his stud-
ies in its prestigious medical school. On his return to Peru, he joined Monge-M dur-
ing the 1927 expedition.

Hurtado studied excessive arterial blood oxygen unsaturation and excessive
polycythemia in chronic mountain sickness. As its cause, he suggested primary
hypoventilation. Together with his associates, he described an elevated pulmonary
arterial pressure in high altitude natives. Figure 5 shows some of Hurtado’s contribu-
tions to high altitude physiology and medicine. He wrote a classical article on human
physiology at high altitude in the American Handbook of Physiology’.

J. Arias-Stella and M. Saldafia made a classical description of the bronchopul-
monary tree pathologic anatomy of the high-altitude natives®. Arias-Stella found an
enlargement of the carotid bodies in high altitude natives and described their histol-
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1921-22. J. Barcroft

Peruvian Andes

“And this redistribution of disadvantages appears
to be the essence of acclimatization.

The acclimatized man is not . . . who has attained to
bodily and mental powers as great in Cerro . . . as he
would have in Cambridge.

... All dwellers at high altitude are persons of
impaired physical and mental powers . . .”

Carlos Monge M.

Comments on Barcroft’s opinion

1948. “Professor Barcroft was himself suffering
a subacute case of mountain sickness. His
substantial error . . . resulting from an improper
generalization on his part of what he himself felt
... to Andean man in general . . .”

Figure 2

Carlos Monge M.
Monge’s Disease

Dean G.H. Roger suggested the name:
“la maladie de Carlos Monge”. Preface of
“Les Erythrémies de L’ Altitude”, 1929.

J. Talbott and D.B. Dill reported one case of
chronic mountain sickness found during the
1935 expedition to Chile. Am J Med Sci, 1936.
Proposed the name “Monge’s Disease”.

Figure 3

ogy**. Saldafia'® found that the incidence of chemodectomas was 10 times higher in
high altitude natives than in sea level residents. (Fig. 6).

In a longitudinal study, J. Whittembury and C. Monge-C (Monge Cassinelli in
Peru) found that high altitude natives living at 4500m markedly increased their hema-




MONGE’S DISEASE

Figure 4

1573. Father Acosta
Peruvian Cordillera

“T am persuaded that the element of air is
so thin and delicate that it does not provide
for human respiration which needs it to be

thicker and more tempered”.

1889. F. Viault.

Peruvian Cordillera

“One may suppose a priori that the
physiological reason that allows man
and animals to endure the very rarefied
atmosphere of high places must be the
result of either:

an increase in the frequency of respiratory
movements;

or an increase in ... the red blood cells;

or greater respiratory capacity of the hemoglobin
» areduction in the oxygen needs of the tissues;
« areduction in the amount of tissue oxidation,

* a higher work efficiency for the oxidation that
has occurred”.
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tocrit with age. They suggested that Monge’s disease might be the result of a basic
lack of acclimatization, even though the subjects were born and living at high alti-
tude. Sime et al (1975) described a close correlation between the decrease in ventila-
tion and the increase in hematocrit with age. Monge-C and Whittembury" predicted
the rise in hematocrit with age at high altitude by means of a simple mathematical model.

Fabiola Ledn-Velarde and Alberto Arregui have carried out an intensive epide-
miological study in Cerro de Pasco (75,000 inhabitants) at 4300m. It confirms our
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Figure 5

Figure 6

MONGE

Alberto Hurtado
MD from Harvard University

Returns to Peru and joins Monge-M. during
1927 expedition.

Chronic mountain sickness: describes excessive
blood unsaturation and polycythemia. Suggests
primary hypoventilation as the cause. Classical
paper in Handbook of Physiology, 1964.

HA elevated arterial pulmonary pressure (1956)

Alberto Hurtado
Morocoha Laboratory (4540 m)

Considers maximal exercise capacity of native
as the same or superior to SL. men. Confirms
hypolactacidemia. Finds P_, slightly deviated
to the right. Increased muscle myoglobin in
HA dogs. Links Peruvian research to Harvard
Fatigue Laboratory and to University of
Rochester, NY.

J. Arias-Stella and M. Saldaiia
Pathologists

Classical description of the pathologic anatomy
of the bronchopulmonary tree in high-altitude
natives (1963).

Arias-Stella finds enlargement of carotid bodies
in HA natives and describes histology (1969).
Saldafia et al: incidence of chemodectomas 10
times higher in HA natives.

studies that, as age increases, polycythemia becomes excessive and the symptoms
and signs of chronic mountain sickness also increase!>?.,
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-Excessive hypoventilation
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-Excessive pulmonary hypertension

-Excessive chemoreceptor function?
(hyperplasia)

-Aging and increasing polycythemia in man

Figure 7

Our present research team at the Universidad Peruana Cayetano Heredia believes
that mammals have a sea-level physiological design because the hemoglobin satu-
rates with oxygen at the sea-level value of 100 torr. Any elevation above sea level will
diminish this value and stimulate erythrocytosis, which can be maladaptive”. Most
probably, during evolution, the erythrocytic response was developed in order to cor-
rect anemic hypoxia and not hypobaric hypoxia. In the hypoxic environment
erythrocytosis is stimulated above the normal requirements of O, concentration in the
blood.

At high altitude, the normal decay of the ventilatory rate with age will induce
excessive polycythemia, excessive pulmonary hypertension and possibly excessive
function of the chemoreceptors that may end in chemodectomas. Comparative physi-
ology studies show that these changes do not occur in genetically adapted animals but
that they happen in men and in mammals introduced in South America during the
Spanish conquest. (Fig. 7).2!.

Monge’s disease is a multifactorial pathological condition'® that seems to have a
biological basis in the human population. Young people can tolerate life at high alti-
tude and reproduce as well as any comparative sea level population. As age increases,
excessive polycythemia follows and, as a result, the symptoms of chronic mountain
sickness appear and impede a normal life even in people who have lived in the moun-
tains for generations. Fortunately, the condition disappears at sea level, and it is im-
proved by bloodletting.

Monge-M became prophetic at the end of his presentation of the first case of
chronic mountain sickness in 1925. He said that his intention in presenting a new
medical entity was not to show his clinical skills but to call the attention of the Peru-
vian health authorities to a disease that he considered important for the welfare of
mountain populations. It took 70 years of integrative research to find that his proph-
ecy could be proved experimentally, clinically and epidemiologically.
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CHAPTER 15
NITRIC OXIDE: MECHANISM
OF ACTION AND ROLE IN
HUMAN PATHOPHYSIOLOGY

Stephen Archer MD' and Martin Tristani-Firouzi MD?.

Minneapolis VA Medical Center
One Veterans Drive
Minneapolis, Minnesota 55417
2University of Minnesota, Department of Pediatrics

Introduction

Nitric oxide (NO) is an unstable radical which acts as a messenger molecule to
modulate a variety of biological processes (see (47,81) for reviews). As will be dis-
cussed in this chapter, NO serves as a mediator of neurotransmission, regulates vas-
cular tone and functions as an immune effector and regulator. In fact, a role for NO
has been postulated in aimost every mammalian organ system. NO is synthesized in
a variety of cells including endothelial cells, vascular smooth muscle cells, neurons,
hepatocytes, platelets, neutrophils, macrophages, islets of Langerhans and osteoblasts.
The diversity of tissue distribution of NO synthesis is summarized in Figure 1. Dys-
function of the NO pathway may occur in pathophysiological states such as essential
hypertension, pulmonary hypertension, sepsis and insulin dependent diabetes mellitus.
This chapter will discuss the role of NO in humans and summarize recent advances in
our knowledge of the mechanism of NO action.

The history of EDRF (Endothelium derived relaxing factor)

It was known for many years that man produces more nitrate than he ingests®,
suggesting the presence of a nitrogen oxide synthetic pathway. It was also known that
nitroglycerin and related nitrosocompounds are potent vasodilators***"**. The discov-
ery of NO as an endogenous vasodilator explains how these seemingly unrelated
observations are intertwined. Dating back to the 1800s, organic nitrogen oxide-con-
taining compounds were used in the treatment of angina. In fact, Alfred Nobel, who
invented dynamite in 1864 using a stable nitroglycerin preparation, ironically required
the same compound himself for treatment of angina (albeit in a somewhat less explo-
sive preparation)*’. NO and nitrovasodilators cause smooth muscle relaxation via ac-
tivation of soluble guanylate cyclase with subsequent production of 3', 5' cyclic gua-
nosine monophosphate (cGMP)*%0:528_t was not until the discovery by Furchgott
and Zawadski of a dilator substance produced by endothelium, that the quest to link
NO and EDRF began®?. Furchgott and Zawadzki demonstrated that acetylcholine
elicited vasodilation in excised strips of rabbit aorta only when intact endothelium
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Figure 1 Tissue distribution of NO synthesis in man. Note the diverse functions of NO and its pres-
ence in virtually all organs. The insert graph depicts NO measured in parts per billion (ppb) from the nose,
mouth, carina and distal airways. The predominant source of NO in the breath of man is the nose.

was present. Furthermore, the effluent from endothelium intact strips stimulated with
acetylcholine was capable of dilating endothelium-denuded strips. The identity of
this short-lived dilator substance was not clear. The identification of EDRF as NO
proceeded in parallel with the realization that the cytostatic substance produced by
activated macrophages was NO*-74113,

How do we know EDREF is Nitric Oxide?

Subsequent to the work by Furchgott and Zawadzki, numerous studies presented
strong evidence that EDRF is indeed NO , and as such, the term endothelium-derived
nitric oxide, EDNO, has been promoted. The evidence for NO being the EDRF in-
cludes similarity between biologic EDRF and authentic NO in terms of their effects
on vascular tone in bioassay, similar biologic half lives (5-30 seconds)*®*88% avid
binding to iron-sulfur complexes, and their ability to increase cGMP in reporter cells®.
Furthermore, measurement of nitrogen oxides and later, of NO itself, confirmed the
identity of NO as EDRF>%,

Although numerous nitrogen oxide containing compounds were tested as candi-
date EDRF substances, all differed from NO either in their stability, susceptibility to
inactivation by oxyhemoglobin or in their reaction with cysteine®. NO remains as the
only substance identified so far with identical chemical, biochemical and pharmaco-
logical features to EDRF. It remains possible that EDRF is an unidentified
nitrosocompound which spontaneously decomposes to NO, although EDRF does
appear to be NO®. Likely candidates include nitrosthiol compounds. These com-
pounds, produced when NO interacts with sulfhydryl groups in molecules such as
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glutathione, can release NO spontaneously or in response to photostimulation. The
biologic relevance of nitrosothiols as “NO transport” or “storage” molecules is uncer-
tain®. Most investigators agree that NO itself is the final molecule that stimulates
guanylate cyclase.

NO synthases

NO is generated by oxidation of the terminal guanidino nitrogen atom of L-argi-
nine by a family of dioxygenase enzymes, the nitric oxide synthases (NOS)®. NOS
combines L-arginine and molecular oxygen to form NO and L-citrulline. NOS are a
family of heme-containing, NADPH-flavoproteins whose NADPH-flavoprotein se-
quences (the reductase portion of the enzyme) are remarkably homologous to cyto-
chrome P-450 reductases (Fig. 2)""2. The oxidation of L-arginine begins as NADPH
donates an electron to the flavin center'. Electron flow from the reductase to the
oxidase (heme iron) portion of the enzyme is controlled by calmodulin, in much the
same way as an “electric switch” controls the flow of electricity”. The stereospecific
binding of L-arginine to the heme iron facilitates electron transfer to the heme cen-
ter”. The electron is then donated, together with an electron from molecular oxygen,
to the terminal guanidino group of L-arginine to form the intermediate®. A second
molecule of oxygen and 0.5 NADPH donate electrons to this intermediate to form
one molecule of NO and L-citrulline. Tetrahydrobiopterin (BH ,) is an important co-

NOS-a dimeric dioxygenase

Figure 2  Nitric oxide synthases (NOS) are a family of heme-containing, NADPH-flavoproteins re-
sponsnble for the conversion of L-arginine and molecular oxygen to NO and L-citrulline. The enzyme
is comprised of a reductase and an oxidase portion. Calmodulin controls the flow of electrons from the
flavin to the heme center. The role of tetrahydrobiopterin (BH,) is unclear. The enzyme, whlch exists as a
dimer, is depicted here as a monomer,
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factor required for the catalytic function of NOS, although its exact role is unclear.
Some evidence suggests that BH, stabilizes the dimeric structure of NOS!.

While all NOS share the above characteristics, significant structural, functional
and genomic differences exist, allowing for classification of at least three isoforms:
neuronal (nNOS) , endothelial (ecNOS) and inducible (iNOS) (see (61,84) for re-
view). Each isoform has been sequenced, cloned and its chromosome location iden-
tified (Table 1). The structure of each isoform is highly conserved among mammalian
species (>90%), although there is little homology between isoforms (<50%) within a
single species (personal communication, Timothy Billiar and®). nNOS and ecNOS
are constituitively expressed, meaning the enzyme is present under normal condi-
tions. Rapid NO synthesis (i.e., within seconds) occurs in response to an increase in
cytosolic calcium and binding of calmodulin to the enzyme®"**'?. In contrast, iNOS
must be transcribed and translated in response to stimuli such as cytokines.
Upregulation of NOS translation follows several hours after stimulation with cytokines
or endotoxin (lipopolysaccharide, LPS)'®. It was originally believed that iNOS dif-
fered from the constitutive isoforms by the absence of catmodulin dependence. How-
ever, it now appears that calmodulin is tightly bound to the inducible enzyme. In
contrast, calcium-calmodulin binds reversibly to the constitutive isoforms and these
isoforms can be inhibited by inhibitors of calcium-calmodulin®.

Table 1

ecNOS iNOS nNOS

Type 3 Type 2 Type 1
Ca2+ Sensitive Yes No Yes
Inhibited by No Yes No
steroids
Dominant Source Endothelium Macrophage brain
Chromosome 7 17 12
Gene Size >20 kB >20 kB 80-100 kB
Promoter has no yes ?
TATA Box

The time course of NO production following a stimulus differs dramatically be-

tween constitutive and inducible NOS. NO production by the constitutive NOS
isoforms increases rapidly in response to an appropriate stimulus. For example, NO
synthesis in pulmonary artery rings and cultured pulmonary artery endothelial cells
increases within seconds of administration of bradykinin or the calcium ionophore,
A231878. On the other hand, inducible NO production requires synthesis of new iNOS
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mRNA and protein and, thus, NO production is delayed compared to cells expressing
constitutive isoforms. As demonstrated in Figure 3, NO production by renal mesangial
cells increases six hours after incubation with LPS. The time course of NO produc-
tion follows the production of iNOS mRNA!®. Finally, iNOS differs from nNOS and
ecNOS in that glucocorticoids suppress iNOS activity®1%, perhaps by altering iNOS
gene expression.

Constitutive NOS isoforms have been demonstrated in brain, endothelium, adre-
nal gland and platelets. iNOS expression has been demonstrated in hepatocytes,
macrophages, neutrophils, osteoblasts, mesangial cells and bone marrow cells®'. The
structural differences between NOS isoforms offers the potential to develop isoform-
specific inhibitors, which may aid in the treatment of disease states characterized by
excess NO production.

Mechanisms for NO-induced relaxation

Nitric oxide, cGMP and the pulmonary vasculature

NO and nitrovasodilators cause pulmonary artery (PA) vasodilatation by activat-
ing guanylate cyclase and increasing cGMP levels in vascular smooth muscle
(VSM)**828 Increases in cGMP precede relaxation, and inhibition of guanylate cy-
clase blocks both cGMP synthesis and relaxation, indicating a central role for cGMP
in NO and nitrovasodilator-induced relaxation®. Drugs which increase cGMP levels
may cause relaxation by one of four mechanisms, working either alone or in combi-
nation: activation of K, channels®'*!"%, inhibition of the Ca channel®, desensitiza-
tion of the contractile apparatus to Ca and/or Ca sequestration by the sarcoplasmic
reticulum (SR) (Fig. 4)™°. Although this chapter focuses primarily on the effects of
c¢GMP on the K and Ca channels, Ca sequestration and diminished Ca sensitivity of
the contractile proteins may occur by similar mechanisms and proceed simultaneously
with the effects on ion channels.

Cyclic nucleotides alter the activity of ion channels by one of two mechanisms.
Either they directly interact with the channel protein, as in the cation channels of the
retinal rod cells”, or their effects are indirect, through activation of cyclic nucleotide
dependent protein kinases. These kinases control ion channel function by phosphory-
lating the channel or its regulatory factors. cGMP-dependent protein kinase (cGMP-
PK) is a serine/threonine kinase, abundant in VSM, which is activated by low levels
of cGMP (<1 uM)*7'. ¢cGMP-PK phosphorylates a specific site on ion channels and
other intracellular proteins (e.g. arg-arg-X-serine)*’'. The major mechanism of NO
and cGMP-induced relaxation examined in this chapter, activation of calcium sensi-
tive potassium (K. ) channels in response to cGMP-PK, has recently been
described in colonic cells'"”, as well as carotid'®* and pulmonary® VSM. The indepen-
dent reports in diverse types of smooth muscle suggest this mechanism is widely
conserved and therefore is likely to be important.

K Channels and regulation of membrane potential in PA VSM

Membrane potential in VSM is largely controlled by K channels. When K chan-
nels open, positively charged K ions exit, leaving negatively charged macromolecules
trapped in cell interior. This makes the interior of the cell more negative, relative to
the exterior: “membrane hyperpolarization”. Hyperpolarization inactivates the volt-
age-gated Ca channel, reducing Ca influx and inhibiting vasoconstriction. Thus, K
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Figure 3 Time course of iNOS mRNA synthesis and NO production by renal mesangial cells incu-
bated with endotoxin (LPS). A. Northern blot demonstrating appearance of iNOS mRNA (4.4 kb), be-
ginning 4 hours following LPS stimulation. B. Ethidium bromide staining demonstrates similar total
RNA in each column. C. Quantification of iNOS mRNA using densitometry. D. Nitrite and nitrate (NO,’
/NO,) measured in the media bathing renal mesangial cells as a function of time under control conditions
(open circles) and following NOS inhibition with L-NAME (closed circles). Note the increase in NO,/
NO, 24 hours following LPS stimulation. This figure is reproduced with permission from reference 109.
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Figure4 Mechanisms by which increased cGMP levels may produce relaxation of vascular smooth
muscle: activation of K channels(9,104,115), inhibition of the Ca channel(23) , desensitization of the
contractile apparatus to Ca and/or Ca sequestration by the sarcoplasmic reticulum (SR).

channel blockers cause pulmonary vasoconstriction®**® and K channel activators cause
vasodilatation® largely through their effects on the membrane potential and the Ca
channel. Although it has long been suspected that K conductance was important to
the regulation of pulmonary vascular tone®4*7, the application of patch clamp tech-
niques has provided direct evidence of the involvement of K channels in regulation of
the pulmonary circulation. K channels in PA VSM are inhibited by hypoxia, leading
to depolarization and pulmonary vasoconstriction'®12,

PA VSM cells contain various types of K channels including: K *, K . and ad-
enosine triphosphate(K, . )-gated K channels®>'*. K, channels, though inactive in
normoxia®; do contribute to anoxic PA relaxation'?. Definitive identification of the
K, channel depends on use of single channel, inside out patches and measurement of
open probability (P ) at varying Ca concentrations and calculation of channel con-
ductance in symmetrical K. However, the presence of this large conductance channel
can be inferred in whole cell studies by the presence of spontaneous spiking on the
current traces (due to opening and closing of large conductance channels) and their
inhibition by charybdotoxin (CTX) or low doses (<10 mM) of tetraethylammonium
(TEA)®". The large conductance of K, channels has importance in PA VSM cells
which have high input resistance (few channels/mm? of membrane), since opening
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even a few channels could hyperpolarize the membrane. CTX* and iberiotoxin are
preferential blockers of the high-conductance, K, channels whereas small-conduc-
tance K channels are blocked by apamin®. The small conductance K ., channels are
present in PA VSM but their function is undetermined®”. K channels, originally
described in neural tissue, were so named because they displayed a voltage-activation
delay. However, this property is now known to be common to many types of chan-
nel®. K channels are insensitive to glyburide and CTX and are preferentially inhib-
ited by low dose 4-aminopyridine (4-AP, 1-5 mM)*. TEA can inhibit both K and
K, channels but at doses <10 mM, preferentially inhibits K, channels. In our prior
studies NO and ¢cGMP activate KCa, but not K channels®.

In order to understand the techniques for assessing the intracellular response to
c¢GMP it is necessary to review the strategies we use for modulating cGMP levels, the
activity of guanylate cyclase and cGMP-PK. cGMP itself is poorly absorbed by cells.
Using conventional whole cell patch clamp technique, cGMP can be administered
intracellularly as a constituent of the pipette solution. For perforated patch studies
c¢GMP levels are increased by administering membrane permeable cGMP analogs
(e.g. 8-bromo cyclic guanosine monophosphate, 8-Br-cGMP), activators of guanylate
cyclase (NO) or inhibitors of cGMP phosphodiesterase (zaprinast). Soluble guanylate
cyclase is activated by EDRF/NO and inhibited by methylene blue and LY83583.
Methylene blue and LY83583 are both thought to interfere with cGMP synthesis by
stimulating production of reactive oxygen species®. LY83583 lowers lung cGMP
levels'”.

Monophosphorothioate analogs of the cyclic nucleotides are highly selective ago-
nists and antagonists for their respective kinases'®. cGMP-PK can be activated by
(Sp)-cGMPS and inhibited by (Rp)-cGMPS, diastereomers of guanosine 3',5'-
monophosphorothioate. (Sp)-diastereomers, have an axial exocyclic sulfur atom, bound
to the cGMP-PK and stimulate phosphorylation®. In contrast, (Rp)-cGMPS, has an
equatorial exocyclic sulfur atom and antagonizes cGMP-PK (K, of 20 mM). Cell
permeable monophosphorothioate derivatives which activate and inhibit cGMP-PK
(e.g. 8-pCPT-cGMPS & 8-pCPT-cGMPR, respectively) permit the extracellular ad-
ministration of these agents in perforated patch studies using intact cells®. Other ki-
nase inhibitors which preferentially target cGMP-PK, rather than protein kinase C or
A, are also cell permeable (e.g. KT58323)*.

Effects of KCl and K channel Blockers on the NO/cGMP Pathway

There is substantial evidence that membrane potential is an important determi-
nant of the ability of vessels to elaborate or respond to EDRF/NO. KCI, which depo-
larizes the membrane by decreasing the gradient for K efflux, inhibits EDRF activity
in bioassay*' and impairs bradykinin-evoked elevations of [Ca**], in endothelial cells®*.
Even when authentic NO is given to denuded PA rings, KCl inhibits relaxation®. This
suggests that depolarization is preventing an important effect of NO on membrane
potential rather than inhibiting NO synthesis. There has been controversy whether
NO does* 5116 or does not'*®* cause membrane hyperpolarization. The evidence sup-
porting EDRF and NO as hyperpolarizing agents and K channel activators is, how-
ever, more complete and persuasive, including studies of intact vessels!?!366366116
and patch-clamp documentation of the ability of cGMP and NO to activate K chan-
nels®8104115 (Fig. 5). An example of NO hyperpolarizing PA VSM by opening K .,
channels is provided, illustrating ongoing work in our laboratory (Fig. 6).
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Figure 5 NO activates K., channels in pulmonary vascular smooth muscle

This is a current voltage plot of amphotericin-perforated patch clamp data from 5 PA VSM cells (mean
SEM). NO increased the outward K current (* p<0.05 vs control) and TEA inhibited the NO response (f
p<0.05 value differs from NO), suggesting the class of channels activated was the K, channel.

NO/cGMP and the Ca channel

The pulmonary vasculature contains L-type Ca channels which are inhibited by
dihydropyridine type blockers, such as nifedipine and nisoldipine”’®. The contribu-
tion of Ca channels to pulmonary vasoconstriction is well established. Ca channel
inhibitors decrease” and activators (e.g. BAYK8644) enhance’ ' pulmonary vaso-
constriction. However, the role of the Ca channel in NO-induced relaxation is uncer-
tain. Supporting the concept that NO might act as a “Ca channel blocker”, nitroprusside
inhibits the Ca channel®. The relative importance of a direct inhibitory effect of NO
or cGMP on the Ca channel vs. a passive, voltage-dependent inhibition of the Ca
channel, due to K channel activation is uncertain. It is also uncertain how NO inacti-
vates the Ca channel. In neuronal tissue, increasing cGMP levels or activating cGMP-
PK activates, rather than inhibits, Ca current®>. We have recently demonstrated that
NO inhibits the L-type Ca channel in PA VSM (Fig. 7) and are actively investigating
its role in NO-induced vascular relaxation.
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Figure 6 NO hyperpolarizes PA VSM by a charybdotoxin inhibitable mechanism

A. and B: NO (1 pl of 2mM solution) hyperpolarizes pulmonary vascular smooth muscle cell by C NO
hyperpolarizes cells after depolarization with the K inhibitor 4-AP (4-aminopyridine). D: Washout pe-
riod. E: Charybdotoxin (CTX) inhibits NO hyerpolarization.
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Figure 7 NO inhibits the L-type Ca channel in pulmonary artery vascular smooth muscle cells.
This is a single experiment from a PA VSM cell studied using the amphotericin perforated patch technique
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Figure 8 NO causes relaxation of PA VSM in part by activation of K channels and inhibition of
the voltage gated Ca channel. NO stimulates guanylate cyclase to produce cGMP, which activates cGMP-
dependent protein kinases (¢(GMP-PK). These kinases phosphorylate and activate K ., channels, leading to
K effiux and membrane hyperpolarization. Hyperpolarization inactivates voltage-gated Ca channels, re-
sulting in smooth muscle relaxation as intracellular calcium levels fall. X depicts inhibition of the path-
way by pharmacologic inhibitors. Part of this figure is reproduced with permission from reference 9.

NO/cGMP and Ca sequestration

cGMP lowers [Ca™], at least in part, by promoting Ca sequestration within the
SR!®. Agents which activate cGMP-PK enhance Ca uptake by the SR in PA VSM'%,
This occurs as a result of phosphorylation of phospholamban, a Ca transport protein
in the SR, Tt is difficult to separate the contributions of K channel activation, Ca
channel inhibition and Ca sequestration to NO-induced relaxation as all may occur by
a mechanism involving cGMP-dependent activation of cGMP-PK.

Interim summary

NO causes relaxation of PA VSM in part by activation of K, channels and inhibi-
tion of the voltage gated Ca channel. This mechanism, described in reference 9, is
diagrammatically displayed in figure 8.

NO as a regulator of vascular tone

The administration of the NOS antagonist N®-Monomethyl-L-Arginine (L-
NMMA) results in systemic hypertension in animals and man'®** leading to the
conclusion that EDRF plays a major role in the regulation of systemic vascular tone.
L-NMMA has no constrictor effect on vascular smooth muscle in the absence of
endothelium?®. Thus, it appears that basal NO production, presumably by the consti-
tutive ecNOS isoform, contributes to the maintenance of normal blood pressure.
Mechanical stimuli such as pulsatile flow and shear stress may be responsible for
modulating basal release of NO'%.
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It is postulated that insufficient NO production is an etiologic factor in essential
hypertension. Endothelium-dependent vasodilator responses are decreased in patients
with both essential and secondary hypertension***?2, whereas endothelium-indepen-
dent responses are preserved, suggesting that a defect at the level of vascular smooth
muscle is not present. Infusion of L-NMMA into the brachial artery caused less vaso-
constriction of forearm vasculature in individuals with essential hypertension com-
pared to normal controls”. Interestingly, L-NMMA infusion in controls resulted in
elevation of vascular resistance to values found at baseline in hypertensive patients.
These observations suggest that basal NO production may be reduced in essential
hypertension. Whether decreased NO production is due to decreased substrate avail-
ability, decreased NOS function, or increased destruction of NO remains unknown.
Evidence is conflicting regarding the role of decreased substrate in the pathophysiol-
ogy of hypertension. Intravenous L-arginine, 500 mg/kg, caused prompt vasodilation
and reflex tachycardia in hypertensive patients and caused vasodilation in normal
controls*. However, the authors acknowledged the absence of D-arginine to control
for possible nonspecific NO-independent mechanisms. In a second study, intra-arte-
rial L-arginine had no effect on vascular resistance at baseline in hypertensive or
control patients®. These conflicting data may reflect the different routes of adminis-
tration and doses of L-arginine.

Although NO is in vogue as a “universal” explanation for many vascular disease,
it must be stated that the endothelium produces other vasodilators, such as prostacyclin,
as well as constricting factors, such as endothelin. Essential hypertension could be
secondary to overproduction of constricting factors relative to relaxing factors. In
fact, in the spontaneously hypertensive rat, EDRF is preserved and, instead, exces-
sive constricting factors are present”. Finally, it is possible that endothelial dysfunc-
tion is the result, not the cause of essential hypertension. In summary, endothelium-
derived NO plays a major regulatory role in the maintenance of resting systemic
vascular tone and NO production is deficient in essential hypertension.

NO in the pulmonary circulation

In contrast to the systemic circulation, NO does not appear to modulate resting
vascular tone in the normal adult pulmonary circulation. Acute and chronic EDNO
inhibition by administration of arginine analogs, at doses which cause systemic hy-
pertension, fail to elevate pulmonary arterial pressure in many species'**>*¥". These
results suggest that the functional importance of basal EDNO production in the adult
pulmonary circulation is much less than in the systemic vessels®. However, there is
species variation in the importance of NO in basal pulmonary vascular tone'>%!1,
Specifically, whereas many animals do not display an increase in basal PVR in re-
sponse to L-NMMA, children do respond to this NOS inhibitor with segmental pul-
monary vasoconstriction'. Stamler er al also noted an increase in PVR in humans
treated with L-NMMA (PVR increased 40%) but PA pressure and wedge pressure
were unchanged. However, as in the rat, the systemic circulation constricted much
more to L-NMMA than the pulmonary circulation (systemic vascular resistance in-
crease 63%)'°.

In contrast, under conditions where pulmonary vascular resistance is elevated,
EDNO appears to play an important role in vascular regulation. In the fetus, pulmo-
nary vascular tone is markedly elevated under normal conditions and is further aug-
mented following NOS inhibition'. NO plays a role in the fall in pulmonary vascular
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resistance associated with the transition to extrauterine life. NOS inhibition attenu-
ates the decrease in pulmonary vascular resistance associated with delivery and me-
chanical ventilation with 100% oxygen'*, The importance of EDNO in the regula-
tion of basal pulmonary vascular tone decreases as pulmonary vascular resistance
falls during the neonatal period®.

Unlike systemic hypertension, putmonary hypertension does not appear to result
from NO deficiency. Instead, pulmonary hypertension may be associated with in-
creased NO production, albeit insufficiently elevated to prevent hypertension™.
Chronic pharmacological depletion of EDNO does not induce pulmonary hyperten-
sion in normoxic or chronically hypoxic rats. Acute administration of arginine ana-
logs produces greater vasoconstriction in isolated lungs of pulmonary hypertensive
than healthy rats. More importantly, EDNO production by the isolated perfused lung,
undetectable in control rats, is increased in pulmonary hypertensive rats*. These ob-
servations suggest that basal EDNO synthesis is enhanced in chronic hypoxia, in an
attempt to moderate the hypertension. Despite elevated EDNO synthesis in chronic
hypoxic rats, PHT is still present, suggesting that the compensatory effects of EDNO
are inadequate to restore normal pulmonary hemodynamics.

In summary, EDNO has a smaller role in the basal regulation of low tone adult
pulmonary circulation than the systemic vascular bed. In situations where pulmonary
vascular tone is increased, the contribution of EDNO becomes significant. Thus, NO
may be more important in the fetal than the adult pulmonary circulation. The impor-
tance of pulmonary EDNO under normal and pathological conditions, however, needs
to be characterized more precisely, particularly in humans.

NO as a neurotransmitter

NO has been documented to participate in neurotransmission within the central
and peripheral nervous systems. Glutamate, the major excitatory neurotransmitter in
the brain, stimulates cGMP production, among other effects. Glutamate-induced cGMP
formation predominately occurs in the cerebellum. Bredt and Snyder postulated and
proved that glutamate-stimulated cGMP production in the cerebellum was mediated
through production of NO". These investigators demonstrated that glutamate and its
analogs increased cGMP and L-citrulline levels and that this increase could be pre-
vented by pretreatment with a competitive inhibitor of the enzyme NOS. Further-
more, NOS inhibition could be overcome by the addition of L-arginine, the precursor
of NO', Subsequently, nNOS has been localized throughout the brain, including the
cerebral cortex, hippocampus, cerebellum and brain stem?. The widespread distribu-
tion of nNOS among cells of such diverse morphology and function underscores the
importance of NO as a mediator of neuronal function.

It is postulated that NO regulates cerebral blood flow during neural activity. The
brain possesses a fascinating vascular regulatory mechanism whereby regional in-
creases in neural activity are mirrored by rapid increases in regional perfusion. There
is some evidence to suggest that NO is the mediator coupling substrate delivery to
metabolic demand in the brain. Several characteristics of NO make it ideally suitable
to couple blood flow to neural activity: (1) NO is highly lipophilic and thus diffuses
readily across cell membrane;? NOS is present constitutively in brain and can pro-
duce NO rapidly in response to an appropriate stimulus; and® some NOS containing
neurons innervate cerebral arteries and possess axon terminals in close proximity to
arterioles and capillaries®. NOS containing neurons are therefore well positioned to
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influence vascular tone. It is attractive to speculate that as NOS containing neurons
are stimulated, NO is produced which rapidly diffuses to adjacent vascular smooth
muscle, increases cGMP levels and causes vasorelaxation. External electrical stimu-
lation of neural pathways results in cerebral vasodilation which is abolished by topi-
cal application of NOS or guanylate cyclase inhibitors*. Thus, it appears that NO
plays arole in regulating cerebral perfusion during neural activity. However, it should
be noted that not all vasodilation in response to neural activity is mediated through
NO. Stimulation of various neural pathways produce vasodilation that is not altered
by NOS or guanylate cyclase inhibitors*®, and must be accounted for by mediators
other than NO.

In the peripheral nervous system, NO has been shown to participate in the inhibi-
tory innervation of the gastrointestinal tract and may play a role in several patho-
physiological states. Motility of the gut is influenced by inhibitory motor neurons
innervating intrinsically excitable smooth muscle cells. Within the myenteric plexus,
non-adrenergic, non-cholinergic (NANC) nerves inhibit spontaneous contractions of
smooth muscle cells of circular muscle and the sphincters of the gastrointestinal tract.
While vasoactive intestinal polypeptide was felt to be the major mediator of NANC,
recent evidence suggests a significant role for NO. NO, acting as a neurotransmitter,
mediates, in part, relaxation induced by inhibitory motor neurons innervating the
esophagus, lower esophageal sphincter, pylorus, and colon!>!75101 Authentic NO
causes inhibition of muscle contraction and membrane hyperpolarization in isolated
human colonic circular muscle”. Furthermore, spontaneous contractile amplitude is
increased in the presence of a competitive inhibitor of NOS, the arginine analog L-
NC-nitro arginine methyl ester (L-NAME). However, NO is not the only mediator of
inhibitory motor neurons of the gastrointestinal tract. In several studies, competitive
antagonists of NOS only partially block neuronal inhibition or neurally mediated
membrane hyperpolarization'””. Thus NO accounts for some, but not all, neural inhi-
bition of gastrointestinal smooth muscle contractility.

Altered NO production has been implicated in several pathophysiological states
such as achalasia™, infantile hypertrophic pyloric stenosis!'?? and Hirschprung’s dis-
ease'?!. Achalasia is a disease of esophageal dysmotility characterized by increased
resting pressure and impaired relaxation of the lower esophageal sphincter. Mearin et
al compared NOS activity in esophageal specimens from patients with and without
achalasia™. NOS activity, measured by the conversion of radiolabelled L-arginine to
L-citrulline, was absent in lower esophageal sphincter specimens from achalasia pa-
tients. Immunohistochemical staining, using a polyclonal antibody directed against
rat NOS, demonstrated the presence of NOS within the myenteric plexus of control
patients and its absence in achalasia patients. Furthermore, isolated, precontracted
muscle strips from both affected and unaffected patients relaxed equally well to
nitroprusside, suggesting that the altered sphincter tone characteristic of achalasia is
due to absence of NOS, rather than an intrinsic abnormality of relaxation.

Infantile hypertrophic pyloric stenosis is a common cause of gastric outlet ob-
struction in infants. The etiology is felt to be secondary to pylorospasm (e.g. impaired
relaxation of the pyloric sphincter). Vanderwinden et al demonstrated the absence of
NOS by immunohistochemical staining with NADPH diaphorase in the hypertro-
phied circular muscle surrounding the pylorus in patients with pyloric stenosis!?
NADPH diaphorase activity is a redox, colorimetric technique which is a sensitive
indicator of NOS activity, but is less specific than in situ hybridization techniques.
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Their data, nonetheless, suggests that the lack of NOS within the muscular layer ac-
counts for the abnormal relaxation characteristic of pyloric stenosis.

In a separate investigation, Vanderwinden et al applied the NADPH diaphorase
technique to the enteric nervous system of the distal colon in patients with
Hirschprung’s disease. Hirschsprung’s disease is characterized by absence of the
myenteric plexus innervating the rectosigmoid colon (agangliosis), resulting in bowel
obstruction in infancy or severe constipation in childhood. NOS was absent in the
longitudinal and circular musculature and only weakly present in the myenteric plexus
of patients with Hirschsprung’s disease compared to normal colon'?!. Thus, in
pathophysiologically distinct processes characterized by abnormal gut motility, NO
production is impaired and may contribute to abnormal smooth muscle function.

NO and the immune system

In addition to its role as a neurotransmitter, NO plays a key role in modulating
immune responses in man. NO, produced by iNOS in response to cytokines, appears
to inhibit bacterial growth and regulate leukocyte adhesion. When activated by
cytokines or endotoxin, macrophages release several reactive oxygen species during
the “respiratory burst”. These radicals are involved in cytotoxicity and cytostasis.
Hibbs et al was the first to demonstrate that murine macrophage cytotoxicity was
dependent upon oxidation of L-arginine*. Several groups provided evidence that NO
was an integral mediator of macrophage cytotoxicity*-#!4, Stuehr and Nathan dem-
onstrated that it was NO, not the stable oxidation products nitrite (NO,) or nitrate
(NO,), that actually inhibited tumor cell DNA synthesis and mitochondrial respira-
tion'**. Authentic NO mimicked the cytostatic effects of activated macrophages. In
addition, macrophage cytotoxicity was inhibited by NO scavengers, such as reduced
myoglobin and superoxide anion. Neither nitrite nor nitrate alone is cytostatic''.

While iNOS was first detected and characterized in murine macrophages, conclu-
sive evidence of the existence of INOS in human macrophages remains elusive. How-
ever, there is indirect evidence for iNOS activity in human monocytes®. Inter-
leukin-4, in combination with interferon-y, stimulate cGMP production in
human monocytes. This increase in cGMP is blocked by antagonists of NOS and
soluble guanylate cyclase, suggesting a role for NO in stimulating cGMP®. The sig-
nificance of cGMP elevation in monocytes following cytokine stimulation remains
unknown.

NO may modulate inflammatory responses by altering leukocyte adhesion. Leu-
kocyte adhesion to the endothelium is an important step in the development and the
maintenance of an inflammatory response. Adhesion molecules on the surface of ac-
tivated leukocytes and endothelial cells allow leukocytes to attach to the vascular
wall and emigrate into the interstitial spaces. Kubes et al demonstrated that L-NAME
caused increased leukocyte adhesion and emigration and that this effect was reversed
with L-arginine®?. Thus, NO may exhibit antiinflammatory properties in addition to
its cytostatic role.

NO and insulin secretion

Islet cells of the pancreas sense increases in blood glucose and produce insulin
which promotes cellular glucose uptake, thereby maintaining tight control over glu-
cose levels. NO appears to have a role in insulin secretion. iNOS activity has been
demonstrated in islet cells and it is postulated that NO mediates islet cell dysfunction
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in insulin-dependent diabetes mellitus. Corbett et al measured insulin production in
human islet cells following cytokine stimulation®. Glucose-induced insulin produc-
tion is inhibited by incubation of islet cells with tumor necrosis factor-o., interleukin-
16 and interferon-y. Although these cytokines act by increasing iNOS activity, inhi-
bition of insulin production was only partially reversed with the NOS antagonist L-
NMMA, suggesting that factors other than NO also participate in cytokine-induced
insulin inhibition. It is possible that cytokines elicit response in islet cells other than
induction of iNOS activity.

NO synthesis in the beta cell is associated with formation of an iron-nitrosyl com-
plex, similar to that produced in bacteria targetted by activated macrophages. The
formation of this Fe-nitrosyl complex in the beta cell is prevented by the addition of
L-NMMA. Thus, the mechanism of NO-mediated inhibition of insulin secretion may
involve destruction of iron-sulfur-containing enzymes, such as mitochondrial elec-
tron transport complexes.

Diabetes mellitus is associated with local infiltration of inflammatory cells into
the pancreas and destruction of islet cells. The inflammatory cells could serve as a
source of NO. It is also possible that cytokines produced by these inflammatory cells
induce secondary NO production in islet cells. NO from either source could bind to
and inhibit mitochondrial enzymes, resulting in islet cell destruction. These processes
may occur in concert with cytotoxic T cell destruction.

NO in sepsis

Sepsis is the human disease state in which the pathophysiologic role for NO is
most established®®6%8. Septic shock is associated with activation of the immune sys-
tem and systemic hypotension. LPS from gram negative bacterial cell walls is a
potent stimulator of cytokines and promotes circulatory collapse. Given that both
endotoxin and cytokines are stimulators of iNOS, excess NO production has been
postulated to account for the severe hypotension characteristic of septic shock. Some
evidence suggests that endothelial dysfunction occurs in sepsis and other forms of
shock®.

Lefer and Lefer compared vasodilator responses to acetylcholine in superior me-
senteric artery rings from septic and control rats®. The vasodilator response to acetyl-
choline was reduced approximately 60% compared to control animals. The addition
of acidified NaNO,, which releases NO, caused vasodilation equal to controls. This
study suggests that endothelial dysfunction occurs in septic shock and is associated
with diminished endothelial dependent relaxation. Others argue that the endothelial
dysfunction in septic shock is associated with excessive NO production by cells other
than endothelial cells.

Several studies in animals®>® and humans®® with sepsis have shown a rapid in-
crease in arterial blood pressure following intravenous administration of NOS an-
tagonists. These data demonstrate that increased NO production occurs in septic shock,
although it remains unclear if this represents a protective or pathologic response.
Following several case reports of the successful use of NOS antagonists to restore
blood pressure septic shock®’, a randomized double blind placebo-controlled trial was
performed. 11 patients with septic shock associated with hypotension were random-
ized to receive bolus and continuous infusions of L-NMMA or saline®®. L-NMMA
caused rapid and dose-dependent increases in central venous pressure, systemic and
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pulmonary arterial pressure and systemic and pulmonary vascular resistance. This
implies that the generalized hypotension, characteristic of sepsis, is related to NO-
mediated dilation of arterial and venous beds in both the pulmonary and systemic
circulation. However, it is not clear that NOS inhibition is in fact beneficial in sepsis.
Concomitant with the increase in arterial resistance, a fall in cardiac output occurred
in patients receiving L-NMMA?®, similar to the effect of NOS inhibition in normal
animals®. No difference in survival was noted between the treatment groups (2/5 vs.
1/6 in L-NMMA and placebo groups, respectively). Furthermore, no difference in
platelet or leukocyte count was apparent between treatment modalities. While this
study provides insight into the role of NO in humans with sepsis it raises more ques-
tions than answers. Several points are worthy of discussion. First, the decrease in
cardiac output associated with L-NMMA may compromise perfusion of organ sys-
tems already hypoperfused, particularly the renal and hepatic vascular beds. This is
especially problematic as sepsis is associated with impaired oxygen extraction by the
peripheral tissues. In addition, a trend toward elevated liver enzymes was noted in the
L-NMMA treated group, which may be due to hepatic hypoperfusion or, alterna-
tively, a direct toxic effect on hepatocytes. Furthermore, the increase in pulmonary
vascular resistance with L-NMMA administration may prove detrimental. It has been
proposed that L-NMMA, in combination with inhalational NO may prove beneficial
in the treatment of septic shock®. Clearly, the stage is now set for larger studies of the
use of NOS inhibitors in sepsis to characterize effects on survival.

NO and the kidney

Evidence that NO has a role in regulating renal blood flow and glomerular func-
tion in health and disease is accumulating. The renal mesangial cell is both a producer
of and target for NO'®, NO modulates glomerular filtration rate by regulating afferent
and efferent arteriolar tone and controlling filtration coefficient through mesangial
cell relaxation'®. NO regulates cortical and medullary blood flow' and participates
in tubuloglomerular feedback"'® and natriuresis'®. NO inhibits mesangial cell prolif-
eration'® which suggests a role for NO deficiency in the progression of
glomerulosclerosis.

NO in the breath

NO is present in the breath of humans at part per billion levels'®*™. NO levels are
highest in the nose and much lower in the alveolus. Several cell types, including
pulmonary vascular endothelium, respiratory epithelium and alveolar macrophages,
can produce NO, although most breath NO originates from the nose and does not
reflect systemic NO production? (Fig. 1, insert). Nasal NO production is partially
inhibited by topical corticosteroids, suggesting that some nasal NO is produced by
iNOS. While the exact cellular source of nasal NO remains unknown, inflammatory
cells, bacteria or nasal epithelium could contribute to nasal NO%.

Elevated breath NO is present during acute exacerbation of asthma*>*®, perhaps
reflecting inflammation in the small airways. It remains to be seen if other lower
respiratory tract inflammatory states, such as pneumonia, are associated with elevated
levels of breath NO.
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Conclusion

In conclusion, NO is a pluripotent intra- and extra-cellular messenger molecule
which regulates a variety of biological processes. NO’s capacity to subserve such
diverse biologic functions relates to its avid interaction with metal and sulfhydryl
groups, which are key regulators of the function of most enzymes and proteins. Fur-
thermore, NOS is widely distributed and therefore NO has access to virtually all cells
in the body. NO plays a major regulatory role in the physiology of the cardiovascular,
neurologic and immune systems.
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HYPOXIA AND NITRIC
OXIDE: HOW DOES
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AFFECT NO SYNTHESIS AND
EDRF IN THE PULMONARY
VASCULATURE
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INTRODUCTION

In 1980, Furchgott and Zawadzki first reported that relaxation of rabbit aortic
strips in response to acetylcholine requires the presence of an intact endothelium,
suggesting the existence of a substance passing from the endothelial cell to vascular
smooth muscle. This substance was termed EDRF (endothelium-derived relaxing
factor), and shown to relax smooth muscle cells through activation of the soluble
form of guanylate cyclase. EDRF has subsequently been identified as nitric oxide
(NO) which interacts with the heme component of soluble guanylate cyclase causing
an increase in cGMP formation. NO is generated from the nitrogen group of the amino
acid, L-arginine through an enzymatic reaction®®. Several isoforms of NO synthases
have now been characterized, which are products of different genes. However, NO
synthases are usually classified as either “constitutive” or “inducible”. The constitu-
tive form (cNOS) is cytosolic, Ca** and calmodulin dependent, and releases low
amounts of NO for short periods in response to receptor and physical stimulation.
The NO released by this enzyme acts as a transduction mechanism underlying several
physiological responses. It is mainly present in the endothelium and the central ner-
vous system. The inducible form (iNOS) is Ca* and calmodulin independent, and,
once expressed, generates NO in large amounts for long periods. It is induced in
inflammatory cells but also in other cells such as endothelial and smooth muscle cells
in response to endotoxin and some cytokines. NO generated by iNOS mediates part
of the inflammatory cell toxicity. The synthesis of NO by both enzymes is stereospe-
cifically inhibited by various L-arginine analogs which act as competitive inhibitors
of the NO-synthases, such as L-N; monomethyl arginine (L-NMMA) and L-N,; argi-
nine methyl ester (L-NAME), representing methyl and nitro substitutions, respec-
tively, at the guanido nitrogen of L-arginine. The response to NO can also be inhib-
ited or abolished by haemoproteins, methylene blue and superoxide radicals.

.
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In the lung, NO is generated from the constitutive form of NO synthase in pulmo-
nary arterial and venous endothelial cells, nonadrenergic noncholinergic inhibitory
neurons, and probably epithelial cells. Cells capable of expressing the inducible en-
zyme and releasing NO are numerous, including macrophages, neutrophils, mast cells,
endothelial and smooth muscle cells, epithelial cells and probably other cell types
present in the lung®. So far, the only clearly established role of NO released from
these cells after activation with endotoxin and cytokines is as a cytotoxic molecule
for invading microorganisms and tumor cells. However, the release of NO via this
enzyme may have other undefined biological consequences which may affect lung
functions during inflammatory conditions. In the present review, we will focus on the
role of NO as a transduction mechanism in the pulmonary vasculature with special
attention to changes occurring during chronic hypoxia.

In the pulmonary circulation, NO is normally formed in the endothelial cells by
the action of a constitutive form of the enzyme nitric oxide synthase. The endothelial
L-arginine/NO pathway can be activated by shear forces exerted by the circulating
blood (which in turn causes flow-dependent vasodilation) as well as by receptor-
operated mechanisms activated by acetylcholine, bradykinin, substance P, histamine,
and platelet-derived products. The fact that NO is released both into the lumen (to
inactivate platelets) and away from the lumen (to relax vascular smooth muscle) sug-
gests that it protects against thrombosis and constriction. The capacity of NO to
inhibit proliferation of vascular smooth muscle is a further protective property®. In
the normal pulmonary circulation, NO not only mediates vasodilation in response to
physical and chemical factors but also opposes vasoconstriction induced by various
stimuli such as hypoxia and endothelin®%. The importance of such a mechanism sug-
gests not only that NO may modulate pulmonary vascular tone but also that impaired
NO production may contribute to the development of pulmonary hypertension.

During hypoxic pulmonary hypertension, several studies suggest that one mecha-
nism of altered vascular control is impaired NO-mediated endothelium-dependent
relaxation®!120546%, Loss of NO-mediated pulmonary endothelium-dependent relax-
ation during hypoxic pulmonary hypertension may contribute to increase pulmonary
vascular tone, favor thrombus formation, and facilitate migration and/or proliferation
of vascular smooth muscle cells. By increasing hypoxic pulmonary vasoconstriction
and therefore mechanical forces exerted on the pulmonary arterial wall, impaired NO
production may additionally accelerate the process of vascular remodeling™.

NO-Mediated Endothelium-Dependent Vasodilation During Chronic Hypoxia
Rats exposed to hypoxia for three weeks develop sustained pulmonary artery hy-
pertension associated with structural remodeling of pulmonary vessels®>®. Structural
remodeling involves thickening of the blood vessel walls by hypertrophy and
hyperplasia of smooth muscle cells and deposition of excessive connective tissue in
the adventitia. Smooth muscle appears in the walls of arteries that are not normally
muscular and proliferates in the media of previously muscular arteries. All these struc-
tural changes lead to a reduction of the lumen of distal pulmonary arteries and a
decrease of the normally large cross sectional area of the pulmonary arterial tree?®.
In isolated lungs from normoxic rats, acetylcholine or ionophore A23187 causes
dose-dependent vasodilation in conditions of increased tone by continuous infusion
of an endoperoxide analog, U46619¢. The fact that vasodilation to these substances is
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completely abolished by the L-arginine analog, N®-momethyl L-arginine (L-NMMA),
a competitive inhibitor of conversion of L-arginine to NO suggests that NO is the
main factor mediating this response. We found that in lungs from rats previously
exposed to 3-week normobaric hypoxia, the pulmonary vasodilator response to ace-
tylcholine or ionophore A23187 is completely abolished although response to sodium
nitroprusside or linsidomine, two non-endothelium dependent pulmonary vasodila-
tors is not altered in comparison to normoxic rats. These results, which suggest al-
tered NO activity during chronic hypoxia, are in accordance with several studies dem-
onstrating that endothelium-dependent relaxation is impaired in conduit pulmonary
arteries during chronic hypoxia. Isolated pulmonary arterial rings from chronically
hypoxic rats exhibit less relaxation to acetylcholine or ionophore than those from
normoxic animals'*%, Relaxation to acetylcholine or adenosine diphosphate was
also shown to be attenuated in pulmonary arterial rings obtained from hypoxic pa-
tients with chronic obstructive pulmonary disease®. In agreement with an impair-
ment of NO activity during chronic hypoxic pulmonary hypertension, we found that
the pulmonary vasoconstrictor response to endothelin is greater in lungs from chroni-
cally hypoxic rats than in those from normoxic controls®. Moreover, pretreatment
with NO-antagonists, which greatly potentiates the vasoconstrictor response to
endothelin in lungs from normoxic rats, has no effect in lungs from chronically hy-
poxic rats. This observation is consistent with the inability of pulmonary vessels from
hypoxic rats to oppose endothelin induced vasoconstriction by NO-release and sug-
gests that a defect of NO-synthesis could explain the greater response to endothelin in
lungs from hypoxic rats.

Several studies have reported data which may appear in discrepancy with our
findings. One group has shown maintained NO-mediated endothelium-dependent
vasodilation to arginine vasopressin and ionophore A23187 in U46619 preconstricted
lungs from rats previously exposed to 4-week hypobaric hypoxia®. Results con-
flicting with our data may be due to a less severe degree of structural remodeling of
the pulmonary vessels in response to hypoxia since in these latter studies, baseline
PAP of the isolated lung ventilated in normoxic condition did not differ between
normoxic and hypoxic animals. Indeed, we observed that a mild degree of pulmonary
hypertension in response to a chronic exposure to 15% instead of 10% FIO,, is not
associated with impairment of NO-mediated vasodilation in isolated rat lungs. How-
ever, other groups reported an increased vasodilator response to substance P or brady-
kinin in isolated lungs from rats previously exposed to 3-week hypobaric hypoxia®.
Apparent discrepancy between these data and ours may be related to testing of differ-
ent rat strains, use of various ways to increase tone, or use of different vasodilators. In
our studies, using slowly infused U46619, the tone was increased to a similar extent
in Jungs from normoxic and hypoxic animals and endothelium-dependent vasodila-
tors tested at incremental dosage. Moreover, these vasodilators had their action com-
pletely blocked in the presence of L-arginine analogs. In the other studies mentioned
above, lungs were constricted with acute hypoxia which may constrict more distal
arteries than U-46619. Indeed, findings of Barer’s group in chronically hypoxic rats
suggest that acute hypoxia constricts mostly newly muscularized distal arteries”. More-
over, it cannot be excluded that, in particular conditions, endothelium-dependent va-
sodilation in the pulmonary circulation may involve mediators other than NO.

Several studies also examined the pressor response to acute NO inhibition in lungs
from both normoxic and chronically hypoxic rats. In these studies, L-arginine ana-



HYPOXIA AND NITRIC OXIDE 197

logs were shown to cause marked vasoconstriction in isolated lungs and isolated pul-
monary arteries from chronically hypoxic rats but not in those from normoxic control
rats”s!. Concentration of NO decomposition products was also shown to be elevated
in the effluent of isolated lungs from chronically hypoxic rats*®. These findings were
interpreted as evidence of increased basal release of endothelium-derived NO during
chronic hypoxia. We also investigated endogenous basal release of NO in the pulmo-
nary vascular wall of normoxic and 4 week hypoxic rats'®. We observed that contrac-
tile response to phenylephrine of isolated extralobar pulmonary arteries was similar
in normoxic and chronically hypoxic rats when dose response curve was performed
shortly after hanging the vessels in the bath (30 to 45 min). However, pulmonary
arteries from chronically hypoxic rats exhibited loss of contractile response in com-
parison to normoxic rats arteries when dose-response was performed after 2 hours of
incubation. This loss of responsiveness which became more marked when the incu-
bation time was prolonged further, was observed whether the endothelium was present
or not, was restored with the NO-synthesis inhibitor, L-NMMA, and was prevented
when incubation was performed in presence of the transcription inhibitor actinomy-
cin D. We also examined the effect of L-NMMA on basal tone. Contraction with L-
NMMA was greater in pulmonary arteries from chronically hypoxic rats than in
normoxic animals. After prolonged incubation, contraction with L-NMMA was only
partially attenuated by endothelial denudation in pulmonary arteries from chronically
hypoxic rats, whereas it was completely abolished in rings of normoxic rats. Simi-
larly, when L-NMMA was added to the perfusate only 30 min after isolating the lung,
it did not affect baseline pressure nor pressure-flow curve in lungs from normoxic
and chronically hypoxic rats. However, when L-NMMA was added 60 min after iso-
lating the lung, it caused a shift in the pressure-flow relationship toward higher pres-
sure in lungs from chronically hypoxic rats but not in lungs from normoxic rats (Fig.
3). This is in accordance with the slowly developing vasoconstriction reported by
Oka in isolated lungs from high altitude rats after addition of nitro-L-arginine®'. There-
fore, these results suggest that the effect of NO synthesis inhibitors are not related to
inhibition of constitutive endothelial NO formation but rather to inhibition of NO
synthesis by a newly expressed NO synthase activity in the intima and media of the
vessels from hypertensive rat lungs. Recent studies using immunochemistry staining
techniques and showing upregulation of NO synthase in the lungs of chronically hy-
poxic rats are consistent with this hypothesis®. Indeed, in these studies, the mono-
clonal antibody, which detected the hypoxia-enhanced NO synthase, reacted with
both the constitutive and inducible form of NO synthase. In addition, the activity
assays used in these studies showed an increase in the soluble NO synthase fraction,
consistent with an increase in the inducible NO synthase. Therefore, it is possible that
during chronic hypoxia, the endothelial NO synthase becomes downregulated whereas
the inducible form is upregulated. This phenomenon is selective for pulmonary arter-
ies since contractile response of aortic rings to phenylephrine are similar in normoxic
and chronically hypoxic rats. The consequences of such observations on pulmonary
vascular functions remain to be established.

Mechanisms of Impaired NO-Mediated Endothelium-Dependent Vasodilation:
Effects of L-Arginine

Potential mechanisms to explain loss of endothelial dependent relaxation in chronic
hypoxic pulmonary hypertension include: 1) inability of the vascular smooth muscle
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to relax in response to NO; 2) presence of a functional or mechanical barrier that
limits transport of NO from the endothelium to the vascular smooth muscle; and 3)
impaired synthesis or release of NO. Our finding that NO donors such as Sin-1 or
sodium nitroprusside elicit similar dose-dependent vasodilation in lungs from both
normoxic and hypoxic rats suggests that the response of smooth muscle to NO is not
altered by chronic hypoxia*''?'. However, studies examining guanylate cyclase activ-
ity in pulmonary vascular smooth muscle found that exposure to hypoxia could im-
pair soluble guanylate cyclase-mediated pulmonary arterial relaxation'>”®, Reduced
vasodilator responses to NO and sodium nitroprusside have also been reported in
pulmonary arteries from rats exposed to 10 day hypoxia®. In contrast, we found that
linsidomine, an endothelium-independent vasodilator agent acting directly on vascu-
lar smooth muscle after conversion to NO, induced similar relaxation in large conduit
pulmonary arteries from normoxic and 3-week hypoxic rats'’. It is also unlikely that
loss of endothelium-dependent vasodilation may be ascribed to a mechanical barrier,
impairing diffusion of NO from endothelial cells to smooth muscle. Indeed, whereas
vascular remodeling associated with hypoxic pulmonary hypertension requires sev-
eral weeks to reverse after return to normoxia, we found full restoration of the
vasodilatory response to acetylcholine or ionophore A23187 after only 48 h of return
to normoxia. Loss of endothelium-dependent relaxation does not appear to be due to
destruction of NO by oxygen-derived radicals since neither pretreatment of chroni-
cally hypoxic rats with superoxide dismutase before return to normoxia nor addition
of superoxide dismutase plus catalase to their lung perfusate restores vasodilation to
ionophore A23187. Moreover, there is no impairment of endothelial dependent relax-
ation in systemic arteries from chronically hypoxic rats exposed to the same proce-
dure of reoxygenation when hanged in oxygenated organ chambers! (Fig. 4). These
observations in concert suggest that impaired synthesis or release of EDRF is a likely
mechanism to explain the loss of vasodilator response to endothelium-dependent sub-
stances in hypoxic pulmonary hypertension.

The hypothesis of a defective release of NO is further supported by the fact that in
lungs or pulmonary arteries from hypoxic rats, vasodilator response to acetylcholine
or A23187 is fully restored after pretreatment with L-arginine, the precursor of endot-
helium-derived NO whereas D-arginine as well as L-citrulline, L-ornithine or L-
arginosuccinic acid are without effect®!. L-arginine also attenuates the increased pres-
sor response to endothelin-1 in hypoxic rat lungs. Of note, supplementation of L-
arginine does not potentiate vasodilator responses to acetylcholine or A23187 in lungs
from normoxic rats. It is therefore likely that, in normoxic rat lungs, maximal endot-
helium-dependent vasodilation that could be evoked with acetylcholine or ionophore
A23187 is achieved, so that supplementation of L-arginine cannot further augment
vasodilation. These results suggest that the impaired relaxant activity of pulmonary
vessels during chronic hypoxia is most likely due to defective release of NO from the
endothelium. Our findings are reminiscent of what has been previously observed in
systemic vessels from hypercholesterolemic humans or animals. In those studies, the
vasodilator response to acetylcholine is normalized by acute administration of L-
arginine'®. It is unlikely that loss of NO-mediated activity during chronic hypoxia can
be explained simply on the basis of L-arginine depletion. Indeed, there is no support
for a depletion of L-arginine while evaluating plama or tissue concentrations during
chronic hypoxia. Pulmonary arterial tissue concentrations of L-arginine are similar in
chronically hypoxic and normoxic rats. Nevertheless, we cannot exclude the possibil-
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ity that chronic hypoxia may result in diminished availability of L-arginine in some
endogenous pool in close proximity of NO synthase. Another possible mechanism of
impaired synthesis or release of NO in chronic hypoxic pulmonary hypertension is
direct depression of NO synthase by hypoxia. In support of this, conditions of severe
hypoxia depress NO-synthase activity in various in vitro models, supporting the im-
portance of O, as a cofactor for NO-synthesis'’**%". However, in most of these stud-
ies, conditions of anoxia rather than hypoxia were required to depress NO synthase
activity. In fact, hypoxia may appear as a stimulating factor for NO synthesis and
release. In systemic endothelial cells, hypoxia has been shown to increase intracellu-
lar calcium thereby stimulating the synthesis of NO?. Moreover, in isolated rat lungs,
acute hypoxia stimulates NO production and release®®*. More recently, moderate
hypoxia (10 to 4 % FIO2) was shown to cause endothelium-dependent contraction in
porcine proximal pulmonary arteries but to stimulate NO and prostacyclin release in
distal arteries®. In chronically hypoxic rats, endothelium-dependent relaxation is im-
paired in proximal pulmonary arteries but not in aorta although exposed in vivo to a
similar level of hypoxia'’. It is therefore unlikely that hypoxia per se explains the
impairment of NO synthase activity. Recently, nitric oxide synthase gene expression
was evaluated in whole lung preparations from chronically hypoxic rats with no ap-
parent alterations®. However, exposure of human endothelial cells to hypoxia has
recently been shown to inhibit expression of constitutive NO synthase via transcrip-
tional and posttranscriptional mechanisms®. These results are consistent with data
obtained from histochemical studies showing decreased NO-synthase immunoreac-
tivity in pulmonary arteries from patients with chronic lung diseases™. It is therefore
possible that a down regulation of endothelial NO-synthase gene expression occurs
during hypoxic pulmonary hypertension.

Acute and Chronic Blockade of NO Synthesis in Normoxic and Hypoxic
Animals by L-Arginine Analogs

In the past, it has been hypothesized that maintenance of a low vascular tone in
the pulmonary circulation during normoxia was related to some vasodilator substance.
To examine the potential role of endothelium-derived NO, experiments with acute
and chronic blockade of NO-synthesis have been performed. Various results have
been obtained according to species. Acute in vivo blockade of NO synthesis during
normoxia in dogs, lambs and rats causes increase of systemic artery pressure, de-
crease of cardiac output but no change in pulmonary artery pressure”?>*, Similar
findings have been reported in humans”'. In such a situation, increase in calculated
pulmonary resistance does not prove an active change in resistive properties of the
pulmonary vascular bed and can be a passive consequence of the decrease in flow. In
isolated lungs from rats and dogs, numerous studies have also demonstrated that acute
inhibition of NO synthesis by addition of L-arginine analogs in the perfusate has no
effect on the basal tone’*’52%, By contrast, in the open-chest rabbit® and the left
lower lobe of the cat’®, acute blockade of NO causes increase in basal pulmonary
vascular resistance. In conscious sheep, basal release of NO may also contribute to
the low pulmonary vascular tone at rest since NO synthase inhibition causes increase
of pulmonary artery pressure despite concomitant decrease of cardiac output*. In this
species, potent pulmonary vasoconstriction is elicited by combined inhibition of NO
synthase and beta adrenergic blockade during exercise, suggesting that both mecha-
nisms oppose alpha-mediated pulmonary vasoconstriction in exercising sheep*. Flow-
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induced release of NO has also been demonstrated in isolated lungs from humans,
sheep, and dogs'®*. It is therefore possible that endogenous NO plays a role in modu-
lating resting pulmonary vascular tone, however, this may depend on species and
possibly, on physiological conditions.

In contrast to such divergent observations during normoxic conditions, there are
consistent findings to indicate that endothelium derived NO plays a significant role in
modulating pulmonary vascular tone during acute hypoxia. Numerous investigators
have reported potentiation of acute hypoxic vasoconstriction by NO synthase inhibi-
tors in isolated lungs from rats>*2¢' and dogs* as well as in intact animals®'. To eluci-
date further the role of endogenous NO in the normal and chronically hypoxic pulmo-
nary circulation, chronic blockade of NO synthase has been performed in rats main-
tained in room air or exposed to an hypoxic environment®*8, After 2 to 4 weeks of L-
NAME administration in drinking water (1.85 mM) or by gavage (50 mg/kg once a
day), there was a significant increase in systemic artery pressure but no significant
change of pulmonary artery pressure, and a significant hypertrophy of the left ven-
tricle without alteration of the right ventricular weight as compared to control rats
receiving the solvent alone and maintained in the same environment conditions. More-
over, structural remodeling as evidenced by degree of muscularization of distal ves-
sels as well as medial thickness of muscular arteries was not affected by L-NAME
administration. Therefore chronic blockade of NO synthesis does not cause pulmo-
nary hypertension in rats maintained in a normoxic environment nor does it aggravate
pulmonary hypertension during exposure to chronic hypoxia. These data may be in-
terpreted as suggesting that NO does not play an important role in the normoxic pul-
monary circulation. However, it cannot be excluded that the marked decrease in car-
diac output observed during chronic blockade of NO synthase masks stimulation of
structural remodeling in response to inhibition of NO synthesis. The role of hemody-
namic forces in the remodeling of pulmonary arteries during hypoxia is suggested by
experiments demonstrating attenuation of vascular wall thickening distal to a
coarctation of the left pulmonary artery in rats and calves exposed to chronic hypoxia
%73, Therefore L-NAME’s lack of effect on pulmonary vascular morphology does not
rule out the possibility that endogenous NO plays a significant role in maintaining
smooth muscle quiescent in the pulmonary vascular wall.

NO and Pulmonary Vascular Reactivity during Normoxia and Chronic
Hypoxia

If NO-mediated endothelium dependent relaxation is adversely affected by chronic
hypoxiain pulmonary vessels, this would theoretically lead to an increased tone and
to an exaggerated or inappropriate vasoconstrictor reponse to various stimuli. Be-
cause NO is also a potent inhibitor of platelet adhesion and aggregation, such a defect
in NO production might also favor platelet agregation and, ultimately, thrombosis. A
vicious circle may thus be created since the release of platelet-derived substances
such as platelet-activating factor, serotonin, and noradrenaline, which induce vasodi-
lation through the release of NO, may lead to further vasoconstriction and platelet
adhesion in the absence of protective endothelial formation of NO. Additionally, the
pulmonary vascular action of various circulating substances or neurotransmitters may
become altered during chronic hypoxia®. For example, serotonin originating from
the gut is cleared from the blood stream partly by the liver, and partly by the pulmo-
nary endothelium. While low doses of serotonin induce pulmonary vasodilation in
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lungs from normoxic rats, no vasodilatory action of the amine can be shown in lungs
from rats previously exposed to chronic hypoxia (unpublished results). Similarly,
neurotransmitters released from cholinergic or sensory nerve endings such as acetyl-
choline, substance P or calcitonin gene-related peptide have a decreased ability to
induce pulmonary vasodilation in rats exposed to chronic hypoxia. This suggests that
neuromediators may exert different effects on tone depending on whether they are
released during normoxia or chronic hypoxia®.

In addition to promoting pulmonary vasodilation, NO can also attenuate vasocon-
striction induced by pharmacological or physiological stimuli. For example, the role
of endothelial NO formation in limiting the degree of pulmonary vasoconstriction
induced by acute hypoxia has been extensively investigated and such studies are de-
scribed in the chapter by Stephen Archer in this book. In isolated perfused rat lungs,
NO inhibitors such as NDGA, hydroquinone, methylene blue and L-arginine analogs
have all been documented to potentiate hypoxic pulmonary vasoconstriction®**2, In
these experiments, because NO inhibition during normoxic ventilation did not cause
alteration of basal pulmonary artery pressure, accentuation of the hypoxic pressor
response by NO inhibition was interpreted as NO release during acute hypoxia.

Inhibitors of NO not only potentiate hypoxic pulmonary vasoconstriction but also
enhance the pressor response to substances such as endothelin or serotonin when
these substances are used at concentrations which induce vasoconstriction**'. Recep-
tors to serotonin and endothelin have been shown at both the endothelial and smooth
muscle cell levels suggesting that their vasoconstrictor action is modulated by simul-
taneous activation of endothelial cells which in turn release NO*. Therefore, in lungs
from chronically hypoxic rats, the vasoconstrictor responses to serotonin or to
endothelin are greater than those from normoxic controls**"*. Moreover, pretreat-
ment with NO inhibitors, which greatly potentiates their vasoconstrictor actions in
lungs from normoxic rats, has no effect in lungs from chronically hypoxic rats*2.,
These observations are consistent with the inability of pulmonary vessels from hy-
poxic rats to oppose various vasoconstrictor stimuli by the release of NO and suggest
that the defect of NO production could explain the greater response to substances
such as endothelin or serotonin in lungs from chronically hypoxic rats. An exagger-
ated response to vasoconstrictor stimuli in hypoxic rat lungs could also result from an
increased wall to lumen ratio of the hypertrophied pulmonary arteries. Such a possi-
bility is unlikely since the pressor responses to these agonists are restored to normal
levels after only 48 hours of return to normoxia. This interval is too short for revers-
ing the structural changes of the vessel wall®.

Therefore, the loss of NO-mediated pulmonary endothelium-dependent relaxation
during experimental hypoxic pulmonary hypertension may prove important for the
local regulation of pulmonary vascular tone and may facilitate vasoconstriction aris-
ing from various stimuli. It is not clear presently whether such defect in NO produc-
tion may also lead to enhanced synthesis of vasoconstrictors such as endothelin which
appear to be under the control of NO, possibly via a cGMP-mediated mechanism®’.

Effects of Continuous Inhalation of NO During Chronic Hypoxia

As previously emphasized, loss of endothelium-derived NO formation during
chronic hypoxia could lead to an increased tone and to an exagerated or inappropriate
vasoconstrictor response to various stimuli. In addition, NO may also be viewed as a
loss of one of the mechanisms which maintains smooth muscle cells quiescent in the
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pulmonary circulation. In rats exposed to chronic hypoxia, we used inhaled NO as a
substitute for endogenous NO in the pulmonary circulation®. Recent data have shown
that inhaled NO which reaches the pulmonary vessels through an abluminal route,
induces potent pulmonary vasodilation®. Since NO is rapidly inactivated by combin-
ing with hemoglobin, vasodilation is restricted to the pulmonary vascular bed with no
change in systemic arterial tone. Indeed, in sheep and humans exposed to acute hy-
poxia, NO inhalation is associated with a dose-dependent selective pulmonary
vasodilatory effect?6?’,

The short term effects of inhaled NO were assessed in chronically hypoxic con-
scious instrumented rats. Acute inhalation of NO induces potent and selective pulmo-
nary vasodilation in rats previously exposed to 3-week hypoxia and studied in an
hypoxic environment. The vasodilator effect of NO occurrs in a dose-dependent man-
ner in response to concentrations varying from 5 to 40 ppm. Pulmonary vasodilation
is rapid, maximal within 3-5 min, and is maintained throughout the inhalation period.
NO inhalation does not alter cardiac output or systemic artery pressure. Discontinuation
of NO inhalation is associated with a rapid rise in pulmonary artery pressure which
returns to its control value within 2 to 3 minutes.

In contrast to chronically hypoxic rats, normoxic rats do not exhibit pulmonary
vasodilation in response to inhaled NO. Similarly, Frostell ef al did not observe any
reduction of baseline normal pulmonary artery pressure in sheep during NO inhala-
tion®. These results are consistent with the fact that the pulmonary vascular tone is
elevated in rats with chronic hypoxic pulmonary hypertension but minimal in normoxic
control animals.

The development and maintenance of pulmonary hypertension during chronic
hypoxia is the result of increased vascular tone, polycythemia and structural remodel-
ing of pulmonary arteries. Continuous inhalation of NO during exposure to hypoxia
attenuated right ventricular hypertrophy while it did not change the hematocrit. Since
right ventricular hypertrophy is the consequence of sustained pulmonary hyperten-
sion, these results suggest that NO had a sustained lowering effect on pulmonary
artery pressure. The development of hypoxic pulmonary hypertension is associated
with hypertrophy and hyperplasia of smooth muscle cells in normally muscularized
arteries and the appearance of new smooth muscle cells in non-muscular and partially
muscularized segments of the intraacinar circulation®®. Concomitant to the lesser de-
gree of right ventricular hypertrophy, muscularization of distal pulmonary arteries
at alveolar duct and wall levels although still significant in comparison with the
normoxic group, was less severe in hypoxic rats subjected to NO inhalation. Inhala-
tion of NO, therefore, partially prevented pulmonary vascular remodeling caused by
hypoxia. There are several mechanisms by which inhaled NO could protect against
vascular remodeling.

Vasodilation

As a vasodilator, NO limits the increased mechanical forces exerted on the pul-
monary endothelium during hypoxic pulmonary vasoconstriction. It is now well known
that an important stimulating component of endothelial NO-synthase activity is shear
stress exerted on the vascular wall'®. Because shear stress is directly proportional to
flow rate and inversely proportional to the cube of the vessel radius, the increased
formation of NO in reponse to shear stress may be viewed as an adaptative mecha-
nism to normalize increased wall shear stress associated with prolonged vasocon-
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striction. Because elevated tensile wall stress induces thickening of the vessel
wall?236775_endothelial NO formation in response to shear stress may also be viewed
as a regulatory mechanism of vascular remodeling. In cases of chronic hypoxic pul-
monary hypertension, impaired NO synthesis, which favors vasoconstriction, may
indirectly contribute to enhance arterial thickening due to increased mechanical forces
exerted on the pulmonary vascular wall®*”. The fact that inhaled NO prevents pulmo-
nary hypertension in chronically hypoxic rats* by preventing the vasoconstrictor com-
ponent of hypoxic pulmonary hypertension, inhaled NO could indirectly attenuate
the remodeling of the pulmonary arterial wall. This mechanism is also suggested by
the observation that various vasodilator agents acting on tone through different mecha-
nisms, such as calcium antagonists™, methyldopa, or atrial natriuretic peptide*” have
also been shown to decrease medial thickening of pulmonary arteries in chronically
hypoxic rats.

Growth Inhibition

Because of its direct antiproliferative properties, NO may also oppose smooth
muscle cell proliferation and protect against vascular remodeling and development of
pulmonary hypertension. Indeed, various chemically dissimilar NO-generating drugs
have been shown to inhibit DNA synthesis and vascular smooth muscle cell prolif-
eration in vitro®%%, This effect is shared by 8-bromo-cGMP, suggesting that the
relaxant action of NO is mediated by cGMP as the second messenger. However, be-
cause high cGMP elevations and concentrations of NO-generating drugs are needed
to produce these effects, it has been questioned whether endogenous NO could be-
have as a growth inhibitor during in vivo conditions. On the other hand, vascular
smooth muscle cells in culture have been shown to not fully express cGMP depen-
dent protein-kinase, suggesting that observations made in cultured cells may not ap-
ply to in vivo conditions®'. Therefore, attenuation of muscularization of distal pulmo-
nary arteries from chronically hypoxic rats in response to inhalation of NO at low
concentrations may not be related with certainty to a direct inhibitory effect of NO on
smooth muscle cell growth.

In addition to its growth-inhibitory properties, NO may also interfere with endot-
helial production of vasoconstrictor and growth-promoting substances. Recently, NO
has been shown to inhibit hypoxia-induced expression and production of endothelin-1
and PDGF-B chain in endothelial cells*’. Although such an effect of NO has not been
demonstrated in in vivo models, it is possible that impaired synthesis of NO could
lead to increased expression of vasoconstrictors and growth factors during conditions
of endothelial dysfunction such as that observed during chronic hypoxic pulmonary
hypertension.

Clinical Aspects, Patients with Chronic Hypoxic Pulmonary Hypertension
Several reports now suggest that pulmonary endothelial dysfunction and abnor-
mal vascular response occur in various forms of human pulmonary hypertension.
Decreased production of prostacyclin or NO and increased release of endothelin have
recently been described in patients with primary or secondary pulmonary hyperten-
sion'22031_In some secondary forms of pulmonary hypertension, endothelial-cell dys-
function may be produced by the process initiating the disorder, such as the increased
shear and mechanical injury associated with left to right shunt and increased pulmo-
nary blood flow. In patients with the Eisenmenger’s syndrome, impaired NO produc-
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tion may result from these mechanical alterations'®. In patients with pulmonary hy-
pertension complicating the course of chronic hypoxic lung disease, a variety of envi-
ronmental stimuli may also, individually or in combination, contribute to promote
endothelial dysfunction and injury. In patients with chronic hypoxic lung disease
(COLD), hypoxia, acidosis, lung inflammatory processes, reduction of the pulmo-
nary vascular bed through parenchymal destruction, increased shear forces associ-
ated with increased pulmonary blood flow and polycythemia may through different
ways affect endothelial function and/or NO production or release. Chronic hypoxia
may also be an important factor, as long-term oxygen therapy reverses or at least
impedes the progressive development of pulmonary hypertension. However, pulmo-
nary hypertension is rarely severe in such patients, and endothelial dysfunction, in-
cluding impaired synthesis of NO may not be as marked as in hypoxic animal models®.

In vitro studies of pulmonary arteries obtained from patients at the time of their
heart-lung transplantation (for end-stage chronic obstructive lung disease (COLD))
compared with pulmonary arteries from patients undergoing lung resection for can-
cer have provided some insight into the effects of chronic lung disease on endothelial
release of NO™, In pulmonary arteries from patients with COLD, relaxation to acetyl-
choline and adenosine-diphosphate was found to be impaired as compared to subjects
without evidence of chronic lung disease. This impaired relaxation was ascribed to
reduced NO synthesis and/or release since vasodilator response to NO donors such as
sodium-nitroprusside was maintained. Rings from COLD patients also demonstrated
an exaggerated contractile response to the alpha-adrenergic agonist phenylephrine,
this was taken as evidence that release of NO which attenuated the vasoconstrictor
effects of phenylephrine in control rings was lacking in rings from COLD patients.
Interestingly, a positive correlation was found between the extent of intimal thicken-
ing and the impaired release of NO. Moreover, there was a positive correlation be-
tween relaxation and the partial pressure of arterial O, measured before transplanta-
tion. Taken together, these observations go some way towards implicating impaired
NO release and the structural changes of the blood vessels. Moreover, they suggest
that the degree of hypoxemia as a reflection of the severity of the underlying lung
disease may be related to the impaired production of NO.

In recent studies performed in patients with COLD of lesser severity and studied
during hemodynamic investigation, pulmonary vasodilation induced by various doses
of acetylcholine was compared to that induced by increasing concentrations of in-
haled NO'. Acetylcholine which is a potent endothelium-dependent vasodilator agent
in the systemic circulation is also a potent pulmonary vasodilator which may be used
to detect functional abnormalities of the pulmonary endothelium. In human diseases
such as atherosclerosis or systemic hypertension, the impaired ability of acetylcho-
line to induce systemic vasodilation has been ascribed to endothelial dysfunction with
impaired synthesis and/or release of NO®, In patients with COLD, acetylcholine in-
duces a dose-dependent decrease of pulmonary artery pressure and a slight reduction
of systemic arterial pressure with concomitant increase of cardiac output. In contrast,
inhaled NO induces a selective concentration-dependent decrease of pulmonary ar-
tery pressure with no change in cardiac index. Although pulmonary artery pressure
decreases less in response to i.v. acetylcholine than in response to inhaled NO, pul-
monary vascular resistance decreases by a similar magnitude in response to both agents.
These results therefore suggest that endothelium-dependent vasodilator response to
acetylcholine is not greatly impaired in most patients with COLD. However, pulmo-
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nary vasodilation does not appear to be a consistent response to acetylcholine in
patients with COLD. In some patients, acetylcholine infusion fails to cause pulmo-
nary vasodilation, suggesting inadequacy of significant NO production in their pul-
monary endothelium. Consistent with these observations, recent histochemical stud-
ies performed on pulmonary vessels from patients with various forms of pulmonary
hypertension suggest disparity of endothelium NO synthesis among patients®. While
in normal human lungs, strong endothelial cell immunostaining was observed for
endothelial nitric oxide synthase, the intensity of endothelial cell immunostaining
varied from one case to another in patients with chronic lung disease and pulmonary
hypertension. In contrast, there was little or no NOS-immunoreactivity over the vas-
cular endothelium of remodelled pulmonary arteries in patients with primary pulmo-
nary hypertension.

Polycythemia and NO-Mediated Vasodilation

Polycythemia is an important contributing factor to the increase of pulmonary
artery pressure and central blood volume in chronically hypoxic animals as well as in
patients with chronic hypoxic lung disease. In chronically hypoxic rats, restoring a
normal hematocrit by hemodilution is associated with a more than 50% decrease of
the elevated pulmonary artery pressure®*, However, it is not clear whether these
observations are explained only by rheologic abnormalities resulting from the in-
creased blood viscosity. Important interactions may also exist between hemoglobin
concentration and NO-mediated vasodilation, which may interfere with vascular re-
activity**“®. On one hand, polycythemia may contribute to enhance basal release of
NO by increasing blood viscosity and shear stress (which is directly related to blood
viscosity), but on the other hand, polycythemia could inactivate NO because of the
buffering activity of hemoglobin46.808!,

Using acetylcholine as a screening agent for pulmonary vasodilator response, we
investigated a large population of patients with COLD and found that acetylcholine
failed to induce pulmonary vasodilation in patients with polycythemia®. Moreover,
we found a negative correlation between hemoglobin concentration and pulmonary
vasodilation as reflected by the fall in resistance and the increase in cardiac output in
this study population. In a subgroup of patients whose hemoglobin level was above
15.5 /100 ml, we examined the response to acetylcholine infusion before and after
hemodilution. While no vasodilator response to acetylcholine was observed during
basal conditions, either in the pulmonary or systemic circulation, a decrease in both
pulmonary and systemic vascular resistance occurred after hemodilution in response
to acetylcholine, suggesting impairment of NO-mediated vasodilation associated with
polycythemia.

In complementary studies, we investigated another group of patients and exam-
ined the effect on forearm blood flow of agonist-stimulated release of NO using ace-
tylcholine and basal release of NO using the NO-synthase blocker LMMAZ. Patients
were classified according to their hemoglobin levels, whether less or greater than
15.5 g/100 ml. Drugs were infused locally into the brachial artery and forearm blood
flow was measured using venous occlusion plethysmography. Again, we found that
patients with polycythemia did not respond to acetylcholine by increasing their fore-
arm blood flow whereas they demonstrated a greater vasoconstrictor response to
LMMA. Polycythemia may therefore contribute to enhance basal NO release through
direct activation of NO-synthase activity, preventing further pharmacological stimu-
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lation by acetylcholine. Inactivation of NO by hemoglobin may also occur to limit
the vasodilating potency of NO resulting from both shear stress- and agonist-induced
stimulation of NO-synthase activity**.

NO and Pathogenesis of Hypoxic Pulmonary Hypertension

An important question raised by these observations is whether impaired NO
formation by pulmonary endothelial cells represents a primary event or may be sec-
ondary to the pulmonary hypertensive disease process. It may be speculated that im-
paired release of NO is a causative factor for chronic hypoxic pulmonary hyper-
tension. The observation that, in systemic arteries, removal of the endothelium is
followed by proliferation of the underlying vascular smooth muscle cells, is consis-
tent with such an hypothesis'>**. Moreover, the protective effects of NO inhalation
against pulmonary vascular remodeling are consistent with those recently obtained in
hypercholesterolemic rabbits using supplementation of dietary L-arginine to improve
endothelium-dependent relaxation of systemic arteries'. In both studies, supplying
NO chronically was associated with an improvement in structural changes induced
by the causal disease.

However, several arguments suggest that impaired synthesis of NO may occur as
a secondary event during the course of pulmonary hypertension. While abnormal
features in pulmonary arterial structure are known to develop progressively, and pul-
monary artery pressure to increase slowly during continuous exposure to hypoxia®,
some morphological changes appear as early as after three days of exposure to hy-
poxia including intimal and subendothelial thickening®. The occurrence of rapid
structural changes is also suggested by experiments performed in isolated pulmonary
artery segments from rats showing that pressure-induced connective tissue synthesis
occurs within four hours™. These observations contrast with the fact that NO-medi-
ated endothelium-dependent vasodilation is only slightly impaired in lungs from one
week hypoxic rats but become abolished after 15 days of hypoxia®. Impairment of
endothelial NO production therefore may not represent an early defect during
development of hypoxic pulmonary hypertension. Hence, dysfunction of the L-argi-
nine pathway is likely to be a secondary event involved in the maintenance rather
than in the initiation of hypertension. Whatever the cause or the consequence of hy-
poxic pulmonary hypertension, impairment of the constitutive NO-vasodilator sys-
tem may play an important role in the maintenance and the worsening of the pulmo-
nary hypertensive process.

References

1. ADNOT, S., C. DEFOUILLOY, P. ANDRIVET, C. KOUMOUMDIIAN, S. SEDIAME, R.
HERIGAULT, and M. D. FRATACCI. Hemodynamic and gas exchange responses to infusion of
acetylcholine and inhalation of nitric oxide in patients with chronic obstructive lung disease and
pulmonary hypertension. Am Rev Respir Dis., 148: 310-316, 1993.

2. ADNOT, S., C. DEFOUILLOY, P. ANDRIVET, S. SEDIAME, and P. CHABRIER. Inhibition and
stimulation of nitric oxide synthesis in the forearm arterial bed of polycythemic patients with chronic
obstructive lung disease. Am Rev Respir Dis., 149: A149, 1994.

3. ADNOT, S., C. DEFOUILLOY, P. ANDRIVET, S. SEDIAME, and R. HERIGAULT. Inhibitory
effect of polycythemia on vasodilator responses to acetylcholine in patients with chronic lung disease
and pulmonary hypertension. Am Rev Respir Dis., 147: A537 (Abstract), 1993.

4. ADNOT, S., B. RAFFESTIN, S. EDDAHIBI, P. BRAQUET, and P. E. CHABRIER. Loss of
endothelium-dependent relaxant activity in the pulmonary circulation of rats exposed to chronic
hypoxia. J Clin Invest, 87:155-162, 1991.



HYPOXIA AND NITRIC OXIDE 207

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22

23.

24,

25.

26.

27.

ARCHER, S.,J. TOLINS, L. RAIJ, and E. WEIR. Hypoxic pulmonary vasoconstriction is enhanced
by inhibition of the synthesis of an endothelium-derived relaxing factor. Biochem Biophys Res
Commun., 164: 1198-1205, 1989.

ARCHER, S. L., and N.J. COWAN. Measurement of endothelial cytosolic calcium concentration
and nitric oxide production reveals discrete mechanisms of endothelium-dependent pulmonary
vasodilatation. Circ Res., 68: 1569-1581, 1991.

BARER, G., C. EMERY, A. STEWART, D. BEE, and P. HOWARD. Endothelial control of the
pulmonary circulation in normal and chronically hypoxic rats. J Physiol., 463: 1-16, 1993,
BRASHERS, V. L., M. J. PEACH, and C. E. ROSE. Augmentation of hypoxic pulmonary
vasoconstriction in the isolated perfused rat lung by in vitro antagonists of endothelium-dependent
relaxation. J Clin Invest., 82: 1495-1502, 1988.

BUSSE, R.,A. MULSCH, I. FLEMING, and M. HECKER. Mechanisms of nitric oxide release from
the vascular endothelium. Circulation., 87 (suppl V): 18-25, 1993.

CARVILLE, C., 8. EDDAHIBJ, and S. ADNOT. Long term exposure to chronic hypoxia is associated
with induction of NO synthase activity in rat pulmonary arteries. Endothelium., 1, S67, 1993.
CARVILLE, C., B. RAFFESTIN, S. EDDAHIBI, Y. BLOUQUIT, and S. ADNOT. Loss of
endothelium-dependent relaxation in proximal pulmonary arteries from rats exposed to chronic
hypoxia: effects of in vivo and in vitro supplementation with L-arginine. J Cardiovasc Pharmacol.,
22: 889-896, 1993.

CHRISTMAN, B. W., D. CHARLES, J. H. MC PHERSON, G. A. NEWMAN, G. R. KING, B. M.
BERNARD GROVES, and J. E. LOYD. An imbalance between the excretion of thromboxane and
prostacyclin metabolites in pulmonary hypertension. N. Eng. J. Med., 327: 70-5, 1992.

CLOWES, A., M. REIDY, and M. CLOWES. Kinetic of cellular proliferation after arterial injury,
smooth muscle growth in the absence of endothelium. Lab Invest., 49: 327-333, 1983.

COOKE, J., A. SINGER, P. TSAO, P. ZERA, R. ROWAN, and M. BILLINGHAM. Antiatherogenic
effects of L-arginine in the hypercholesterolemic rabbit. J Clin Invest., 90: 1168-1172, 1992.
CRAWLEY, D. E., L. ZHAO, M. A. GIEMBYCZ, S. LIU, P. . BARNES, R. J. D. WINTER, and
T. W. EVANS. Chronic hypoxia impairs soluble guanylyl cyclase-mediated pulmonary arterial
relaxation in the rat. Am J Physiol., 263: 1.325-1L332, 1992.

CREMONA, G.,T. HIGGENBOTTAM, A. WOOD, and DINH-XUAN. Importance of endogenous
nitric oxide in the adaptation to increased blood flow in isolated human and sheep lungs. Am Rev
Respir Dis., 145: A206 (abstract), 1992.

DEMEY,J.,and P. VANHOUTTE. Contribution of the endothelium to the response of anoxia in the
canine femoral artery. Arch Int Pharmacodyn Ther., 253: 325-326, 1981.

DINERMAN, J. L., C.J. LOWENSTEIN, and S. H. SNYDER. Molecular mechanisms of nitric
oxide regulation. Circ Res., 73: 2, 217-222, 1993,

DINH XUAN, A., T. HIGGENBOTTAM, C. CLELLAND, I. PEPKE-ZABA, G. CREMONA, and
J. WALLWORK. Impairment of pulmonary endothelium-dependent relaxation in patients with
Eisenmenger’s syndrome. Br J Pharmacol., 99: 9-10, 1990.

DINHXUAN, A.T., T. W.HIGENBOTTAM, C. A. CLELLAND, J. PEPKE-ZABA, G. CREMONA,
A.Y.BUTT, S.R.LARGE, F. C. WELLS, and J. WALLWORK. Impairment of endothelium-dependent
pulmonary artery relaxation in chronic obstructive lung disease. N Engl J Med., 324:1539-1547, 1991,
EDDAHIBL S., S. ADNOT, C. CARVILLE, Y. BLOUQUIT, and B. RAFFESTIN. L-arginine restores
endothelium-dependent relaxation in pulmonary circulation of chronically hypoxic rats. Am J Physiol.,
263: L194-L.200, 1992.

EDDAHIBI, S., D. SPRINGALL, M. MANANN, C. CARVILLE, P. E. CHABRIER, M. LEVAME,
B.RAFFESTIN, W.J. POLAK, and S. ADNOT. Dilator effect of endothelins in pulmonary circulation:
changes associated with chronic hypoxia. Am. J. Physiol, 265: L571 - L580,. 1993.

FINEMAN, J., M. HEYMANN, and S. SOIFER. N-nitro-L-arginine attenuates endothelium-dependent
pulmonar