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Preface

The respiratory system of any animal species
has its own characteristics, and there are
more than a million species. The physiologi-
cal diversity parallels the phenotypic diver-
sity. Dejours (1989)

The field of avian respiratory biology is vast and research in the area is pro-
gressing rapidly. Although plentiful data, especially on its structure and
function, now exist, they are scattered in many publications, some of which,
especially the older ones, are unfortunately difficult to find. With the last
comprehensive review prepared about 15 years ago (A.S. King and J. McLel-
land, eds: Form and function in birds, volume IV. Academic Press, London,
1989, pp 591), consideration of the progress since made is necessary to help
identify and fill the gaps in the knowledge. Timely reviews of literature help
minimize isolation between investigators. By pointing out the unresolved
issues, focus is maintained and sustained on unresolved aspects, avoiding
possible costly duplication of effort. While summarizing and building on
earlier observations and ideas, this book provides cutting-edge details on the
development, structure, function, and to a significant extent the evolutionary
design of the avian respiratory system, the lung-air sac system. It is hoped
that while outlining the mechanisms and principles through which biologi-
cal complexity and functional novelty have been crafted in a unique gas
exchanger, this account will provoke further inquiries on the many still
uncertain issues. The specific goal here is to highlight the distinctiveness of
the design of the avian respiratory system and the factors that obligated it.
In order to allow readers without prior knowledge on the subject to follow
the arguments easily, the book is well illustrated. It was written with a broad
readership in mind: students (novices) and specialists, be they biologists,
anatomists, zoologists, physiologists, evolutionary biologists, ecologists, or
persons in other disciplines who may work on or contemplate studying res-
piratory aspects, especially from comparative perspectives, will find the
book useful. Due to limitation of space, it was not possible to give an ency-
clopedic review of all aspects of the biology of the avian respiratory system.
Only the most important characteristics are included here. There are excel-
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lent accounts, monographs, treatises, and perspectives on different areas of
its biology. Many such works are given in the list of references. They should
be consulted where specific details are required.

J.N. Maina University of Witwatersrand
30 March 2005, Johannesburg
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Flight

Muscle powered flight requires a high meta-
bolic rate and a very efficient respiratory sys-
tem. Constable (1990)

1.1
Energetic Cost of Flight

Defined as capacity to produce lift, accelerate, and maneuver at various
speeds, powered flight is an elite form of locomotion. It has compelled incom-
parable structural specializations and refinements and striking functional
integration of practically all the organs and organ systems, especially the gas-
trointestinal, cardiovascular, respiratory, muscular, and nervous systems.
Exerting substantial metabolic, mechanical, and aerodynamic demands, flight
adaptively evolved in response to particular selective pressures in order to
meet specific survival needs. To morphologists and physiologists, in many
ways volant animals offer exceptional an opportunity in determination and
understanding of the upper limits of biological design and performance of
vertebrates.

A novel mode of locomotion, flight sets birds well apart from other verte-
brates. Historically, humans have coveted ability to fly since the first moment
that the cave person looked up into the sky and observed birds soaring effort-
lessly. In the Greek mythology, some 3500 years ago, using fake wings of which
the feathers were affixed to their arms with bee’s wax, Daedalus and his son
Icarus escaped from King Mino’s island prison dungeons (Fig. 1). Unfortu-
nately, as the story goes, with youthful daring, Icarus disregarding his father’s
wise counsel flew too close to the sun, the wax melted, the ‘wings’ disinte-
grated, and he fell to his death. Without the relentless provocation and attesta-
tion presented by birds that gravity could be overcome, it would have taken
much longer before human beings thought of flight as a feasible form of loco-
motion. In his 1505 treatise entitled ‘On bird flight’, Leonardo da Vinci, who
strongly believed that human beings would never learn to fly until they thor-
oughly understood the secrets of bird flight, wrote: “I remember that in my
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earliest childhood, I once dreamed that a vulture flew towards me, opened my
mouth and stroked it a number of times with its feathers, so that I could talk
about wings for the rest of my life”. For understandable, though not defensible
reasons, the physiology and to some extent the morphology of the human
being is the conventional reference point against which other animals are
compared and measured. From this anthropocentric position, factual errors
have resulted from direct extrapolation of the mammalian functional mor-
phology to that of birds and other animals. Failing to appreciate nature’s
remarkable resourcefulness of conceiving different solutions to various selec-
tive pressures, a great deal of time and immense resources have been wasted
pursuing costly, unproductive inquiries. For example, on strong belief that all
that was needed to fly (just like in the case of the mythological angels, drag-
ons, and the ‘flying’ horse Pegasus) was to strap on ‘wings’ and flap, fatalities
after jumping from heights using various contraptions (including a raincoat!)
are well documented in the recent past. It took time and great frustration
before the fact that humans were never built to fly at long last sank in. Liter-
ally going back to the drawing boards, it was ultimately realized that active
flight would never be achieved by directly emulating birds but rather by alter-
natively engineering flying machines. Such designs had to be formulated on
the universal laws of nature that apply to all moving objects, including birds.

'I
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Fig. 1. A fourteenth century illustration showing the mythical flight of Daedalus and Icarus
from King Mino’s prison island. From an anonymous nineteenth century wood carving
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Paying back a well-deserved tribute to their ‘feathered instructors’, Orville
Wright (of the Wright brothers) wrote: “Learning the secret of flight from a
bird was a good deal like learning the secret of magic from a magician. After
you once know the trick, you see things that you didn’t notice when you didn’t
know exactly what to look for”. Despite the great advances that have now been
achieved in the field of avionics, materials and technology needed to con-
struct machines that can fly efficiently using flapping deformable wings are
still in the offing.

An underlying principle in biology is that manifestation of exclusivity, e.g.
in structure and/or function, offers important insight into the opportunistic
paths that evolution has taken. Obliging many constraints on structure, flight
is the single most important factor that has decreed the form and function of
birds. As they got bigger, it necessitated more energy for birds to fly. At odds
with what would be expected, doubling-up body mass does not result in a
doubling-up of the energy needed to fly at minimum speeds but rather by an
increase by a higher factor of 2.25. Realization of certain intricate adaptive
traits like volancy entails certain trade-offs and compromises. For flight in
birds, these changes included the following: (a) aerodynamic streamlining of
the body, (b) total commitment of the forelimbs (wings) to flight, (c) develop-
ment of a long flexible neck to perform the activities previously executed by
the wings (forelimbs), and (d) inevitably with development of a long neck a
long trachea. A long trachea precipitated respiratory limitations regarding air
flow resistance and large dead-space volume. To offset the restrictions, birds
developed a wider trachea (about three times larger than that of a mammal of
equivalent body mass) and a slower respiratory rate.

The exacting demands that flight compelled on birds (the entire class of
Aves) obligated greater uniformity in their external morphology than has
been possible in single orders of fishes, amphibians, and reptiles (Marshall
1962, p 555). Yapp (1970, p. 40) observes that, in the entire population of birds,
there is less variation in structure than in the 90 or so species of primates and
290 species of Carnivora. Even those birds that have lost capacity for flight,
e.g. ostrich, cassowaries, rheas, emu, and kiwi, cannot be mistaken for any
other vertebrate group! Paradoxically, while a harmonious external form
exists, flight has imposed exceptional diversity in the internal, anatomical
structural details of birds (King and King 1979, p 2). The features pertaining
to the respiratory system are mentioned in this account. In some cases, they
are of uncertain or no functional consequence. The benefits reaped by birds
from capacity of flight were enormous. Capable of overcoming geographical
obstacles, they occupied diverse ecological niches and habitats, consequently
undergoing remarkable adaptive radiation that has culminated in about 9000
species (e.g. Morony et al. 1975; Gruson 1976). In contrast, the contemporary
reptiles total about 6000 species (Bellairs and Attridge 1975, p. 17) whilst
mammals (Yapp 1970, p. 40) and amphibians (Bellairs and Attridge 1975, p.
17) have fewer species. Bats, the only volant mammals, comprise some 800
species - in specific numerical diversity they are only exceeded by the order
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Rodentia with 1660 species. Of all known mammalian species, one in five
species is a bat! After the human being, Myotis (family: Vespertilionidae) is
said to be the most widely spread naturally occurring mammalian genus on
earth (Yalden and Morris 1975). Constituting about 75 % of the envisaged 5 to
50 million animal species (e.g. May 1992), both numerically and specifically,
the insects (another volant taxon) are the most abundant (e.g. Wigglesworth
1972). The fact that birds and bats are the only existing vertebrates capable of
powered flight clearly attests to the extreme selective pressure that the mode
of locomotion imposes.

After evolving independently from reptiles much later than mammals (e.g.
de Beer 1954; Ostrom 1975) and achieving endothermic homiothermy, birds
reached metabolic scopes between resting and maximal rates of exercise or
cold-induced thermogenesis that are 4 to 15 times higher than those of their
progenitors at same body temperature (e.g. Lasiewski 1962). Moreover,among
the endotherms, birds, especially the passerines, the most successive taxon
with 5739 (over 60 % of the total number of extant avian species; e.g. Sibley
and Alhquist 1990; Barker et al. 2004), operate at a relatively higher body tem-
perature of 40-42 °C compared with the lower one (38 °C) of mammals (e.g.
Lasiewski and Dawson 1967; Aschoff and Pohl 1970). A significant metabolic
barrier separates ectothermic from endothermic animals and volant from
nonvolant ones. The evolution of flight in birds is thus unmistakably associ-
ated with development of an exceptionally efficient respiratory system.
Whether by default or by design, the lung-air sac system appears to have been
the optimal solution to the metabolic needs of birds. Since bats, a taxon with a
characteristic mammalian lung (e.g. Maina 1985, 1986) but a highly refined
one (e.g. Maina et al. 1982; Maina and King 1984; Maina et al. 1991), fly as well
as birds (e.g. Norberg 1990), it is patently clear that the design of the avian res-
piratory system is not a prerequisite for flight.

The grace and majesty with which birds in particular fly are extremely
deceptive of the severe constraints that had to be surmounted to achieve and
maintain flight. In practically all active vertebrate groups, locomotion exerts
the highest demands on the respiratory system (e.g. Banzett et al. 1992). Skele-
tal muscle accounts for 96 % of a flying animal’s total oxygen consumption
(VO, ) during flight (Thomas and Suthers 1972; Thomas et al. 1984). The need
to lower the cost of transport may have been the foremost selective pressure
that compelled the evolution of flight (Scholey 1986). During migration or
while foraging, compared with other vertebrates, birds and bats travel over
longer distances at faster speeds (Fenton et al. 1985).

Active flight is innately a highly energetically demanding form of locomo-
tion (Ellington 1999; Nudds and Bryant 2000; Tobalske et al. 2003). The
mass-specific aerobic capacities of flying birds and bats are 2.5 to 3 times
greater than those of mammals of the same body mass running fast on the
ground (e.g. Thomas 1987). During continuous flight, e.g., bats increase their
VO, . by a factor of 20-30 (e.g. Thomas and Suthers 1972) and, in turbulent
air or when ascending, a bird can increase VO, . for brief periods by the same
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magnitude (Tucker 1970). At an ambient temperature of 20 °C, a 12-g bat,
Myotis velifer, amazingly increases VO, . 130 times that at rest (Riedesel and
Williams 1976). A budgerigar, Mellopsitacus undulatus, in level flight, i.e. at
its most economical speed, increases its VO, _ 13 times its standard metabolic
rate (MR), a value that is about 1.5 times that of a similar sized mouse, Mus
musculus, running hard on a tread mill (e.g. Tucker 1968). In the pigeon,
Columba livia, when running on the ground, VO, _ is 27.4 ml.min-! and, dur-
ing flight at a speed of 10 m s}, VO, _is 77.8 ml min-!, a factorial difference
of 3 (e.g. Grubb 1982). In the herring gull, Larus argentatus, during flight, the
MR is twice the resting value while, in the grey-headed albatross, Diomedia
chrysostoma, the rate is about three times the predictable basal one (e.g.
Costa and Prince 1987).

Flight has only been realized by two phyla, namely the Chordata and the
Arthropoda. Chronologically, volancy was achieved by the insects about
350 million years ago (mya; e.g. Wigglesworth 1972), the now extinct ptero-
dactyls some 220 mya (e.g. Bramwell 1971), in birds around 150 mya (e.g. de
Beer 1954), and bats 50 mya (e.g. Yalden and Morris 1975). Archeopteryx litho-
graphica of the Upper Jurassic and Icaronycteris index of the Eocene are
respectively the oldest bird and bat. The variety of animals wrongly said to ‘fly’,
e.g. the freshwater butterfly-fish, Pantodon buchholzii, of the West African
rivers, the parachuting frog of Borneo, Rhacophorus dulitensis, the flying
snakes of the jungles of Borneo, Chrysopelea sp., the flying squirrel, Glaucomys
volans, of North America, the flying lemur, Cyanocephalus volans,and the East
Indian gliding lizard, Draco volans, are strictly acrobatic passive gliders or
parachutists that use modifications of certain parts of their body to delay a fall
by using drag and lift. Such animals have not had to grapple with the daunting
aerodynamic and metabolic imperatives for active flight.

While costly in terms of absolute demands for energy, powered flight is an
exceptionally efficient form of locomotion. At high speed, the distance cov-
ered per unit energy expended is much less than that incurred during most
other kinds of locomotion (e.g. Schmidt-Nielsen 1972; Rayner 1981). In the
bat species Phyllostomus hastatus and Pteropus gouldii, e.g., the energy
needed to cover a given distance is respectively between one-sixth and one-
quarter of that required by similarly sized, nonflying mammals (Thomas
1975). At their optimal speeds, the minimum cost of flying for a 380-g bird is
about 30 % of the energetic cost of a 380 g nonvolant mammalian runner (e.g.
Hainsworth 1981). On the whole, birds have a larger daily physical activity, i.e.
field MR, than mammals (King 1974). A 380 g bird spends about 74 % more
energy daily than a 380-g mammal (Powell 1983). Further to achieving a more
economical mode of foraging, animals that accomplished flight reaped extra
advantages from it. They were able to: (1) inhabit a less crowded and almost
limitless ecological niche, (2) escape from ground predation, and (3) experi-
ence unimpeded geographical dispersal, allowing extensive adaptive radia-
tion that culminated in remarkable speciation. By the end of Eocene (about
35 mya), e.g., 26 of the modern 27 avian orders were well established, a process
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that occurred in an amazingly short evolutionary time of only 100 million
years.

All the modern birds, including groups like the penguins, the rhea, the kiwi,
the ostrich, the cassowaries, and the emu that are now flightless, arose from
flying progenitors (e.g. Welty 1979). The upper limit of body mass for flight is
set by birds such as the Californian condor, Gymnogyps californianus, the kori
bustard, Ardeotis kori, the white pelican, Pelecanus anocrotalus, and the mute
swan, Cygnus olor, birds that weigh between 12 and 18 kg. The great bustard,
Otis tarda, has, however, been reported to reach a body mass of 21 kg (Martin
1987). Unlike birds, to varying extents, virtually all bats fly. Signifying definite
constraints of design, the heaviest bat, the flying fox, Pteropus edulis, weighs a
maximum of 1.5 kg (e.g. Yalden and Morris 1975; Carpenter 1985): the heavi-
est volant bird weighs about an order of magnitude more than the heaviest
bat. Interestingly, in the past, outstandingly large animals flew. The super-con-
dor, Teratornis incredibilis, of the North American Pleistocene, that is esti-
mated to have weighed in excess of 20 kg, and the giant Argentavis magnifi-
cens at 120 kg (e.g. Martin 1987), are such examples. While a possible lower
gravity on earth, as suggested by, e.g., Carey (1976), may have permitted it,
theoretical calculations of maximal power generation by the flight muscles
(e.g. Marden 1994; Ellington 1999) suggest that, even under the present mea-
sure of gravity, at least take off and probably anaerobically powered short
burst flights may have been possible by some of these birds and probably for
the heaviest (250 kg) known dinosaur, Quetzalcoatlus northropi (e.g. Paul
1991).

A range of refinements of the respiratory systems of the extant birds, fea-
tures that correspond with their various metabolic capacities, occur. Body
mass, an important factor that sets the MR, ranges from a mere 2 g of the
Cuban bee hummingbird, Calypte helenae, to the approximately 150-kg
African ostrich, Struthio camelus (e.g. Clark 1979), a colossal factorial differ-
ence of 7.5x10* For bats, body mass ranges from about 1.6 g of the Thai bat,
Craeonycteris thonglongyai, to the approximately 1.5-kg flying fox, Pteropus
edulis, a factorial difference of only 10°. Except perhaps for the most extreme
habitats, birds permanently or fleetingly occupy practically all parts of earth.
Means and ways of enhancing flight efficiency have evolved (e.g. Pennycuick
1975; Norberg 1990). The V-shaped flight formation commonly employed by
migrating birds like geese is, e.g., an energy-saving strategy that allows indi-
vidual birds, except for the leader, to rest their wing tips on the rising vortex
of air displaced by the wings of the bird in front (e.g. Cutts and Speakman
1994). Long wing spans, complex pectoral girdle (Fig. 2A,B), bounding flight
(Rayner 1985), and in species that soar and glide over long periods of time a
humeral locking mechanism (e.g. Fisher 1946), are but some of the specializa-
tions that allow birds to conserve energy. In the highly energetic species of
birds, e.g. hummingbirds, flight muscles may form more than 25% of the
body mass and are highly aerobic (Suarez et al. 1991; Suarez 1992). Compris-
ing about two-thirds of the flight muscle mass, the pectoralis muscle is the
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Triosseal canal

supracoracoideus

keel of sternum

Fig. 2. A The complex pectoral girdle of birds (circle). B The pectoral girdle consists of four
bones namely the humerus (Hu), the scapula (Sc), the coracoid (Cc), and the clavicle (CI).
B, C Although both the pectoralis and the supracoracoideus muscles arise from the sternum
(the keel), the supracoracoideus muscle (ScM) passes through the triosseal canal to insert
into the dorsal part of the humerus, where it exerts an upward pull on the wing. A, modified
from Fisher and R.T. Peterson (1988); B, sketched in a modified form from Wallace (1955);
C, sketched in a modified form from Pettingill (1969)

pectoralis

depressor of the wing while the supracoracoideus is the elevator (Fig. 2C).
Interestingly, while both muscles attach essentially at the same point, the keel
(sternum), the supracoracoideus finds its way to the dorsal (upper) surface of
the wing, where it effects an upward pulley-like pull, after passing through the
triosseal canal (Fig. 2B,C). Hovering, i.e. stationary flight relative to the sur-
rounding air, where the downward air displacements (movements) that sup-
port the weight of an animal are generated by the wing beats alone, is energet-
ically the most demanding mode of flight (e.g. Wells 1993; Fig. 3): it is utilized
by only a few species of birds for foraging. A hovering bird consumes O, at a
rate 2.5 times that during forward flapping flight (Wells 1993). From their
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Fig. 3. A hovering bird supports its weight (against gravity) entirely by the power generated
by the beating of its wings. Remaining stationary, the wing rotates at pectoral girdle in a fig-
ure of eight producing lift

miniature size and fast wing-beat frequency, the VO, _ of a hovering and for-
ward flying hummingbird ranges from 40-85 ml O, g' h-! (e.g. Bartholomew
and Lighton 1986; Wells 1993). These values are remarkably higher than those
of the maximum oxygen consumption (VO, . ..) in a running pygmy mouse
(7 g), kangaroo rat (1.1 kg), and dog (21 kg), that are respectively 15.7, 10.6,
and 9.5 ml O, g h~! (Seeherman et al. 1981) but appreciably lower than those
of flying insects (e.g. the euglossine bees) of 66-154 ml0,.g-1.h"! (e.g. Casey et
al. 1985). Hummingbirds typically hover more than 100 times per day (e.g.
Krebs and Harvey 1986) and each bout normally lasts for less than a minute.
Owing to their exceptionally high MR, 20 % of the daylight hours are spent
foraging (Diamond et al. 1986). If not utilized to acquire energy-rich foods
such as nectar, hovering is largely avoided in preference to the less energeti-
cally demanding forward flight.

The aerobic capacities of the small hummingbirds in flight appear to con-
stitute the upper limit of vertebrate mass-specific MR that is attuned with effi-
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cient design of the endothermic homeotherms. The hummingbird flight mus-
cle is the most metabolically active vertebrate skeletal muscle (Suarez et al.
1991; Mathieu-Costello et al. 1992; Suarez 1992) and the maximum enzyme
activities during flight are by average avian standards exceptional (Suarez et
al. 1986). To support the enormously large energetic demands, especially dur-
ing flight, a hummingbird weighing 4-5 g ingests about 2 g of sucrose per day
(Powers and Naggy 1988) and, before migration, the fat content in the body
increases enormously (Carpenter et al. 1983). The ruby-throated humming-
bird, Archilochus colubris, accumulates about 0.15 g of triacyglycerols per day
per gram body weight, a value that in a human being would be equivalent to a
weight gain of 10 kg/day (Hochachka 1973)! To enhance the absorptive rate,
the gastrointestinal system of the hummingbird has a higher sucrose activity
per cm? of surface area and higher densities of intestinal glucose transporters
than any other vertebrate species known (e.g. Karasov et al. 1986; Martinez del
Rio 1990).

1.2
Flight Speed and Endurance

While most birds generally fly at moderate speeds, with the smaller and more
agile ones (e.g. passerines) achieving speeds of 15-40 km h-}, the swifts (Apo-
didae), the loons (Gaviidae), and the pigeons (Columbidae) reach and sustain
speeds of between 90-150 km h~! (Norberg 1990). Given enough time and dis-
tance, it is estimated that a diving peregrine falcon, Falco peregrinus, can reach
a speed of 403 km h-! (112 m s7}; Tucker 1998). On close scrutiny, even the
avian flight speeds that may appear mediocre by average standards are quite
fast. Normalized with the body lengths covered per unit time, a passeriform
bird flying at a moderate speed of 40 km h-! covers about 100 body lengths
per second compared with only 5 in a highly athletic human being. Among
bats, a speed of 16 km h-! in Pipistrellus pipistrellus has been reported by
Jones and Rayner (1989). In its annual migration, the Arctic tern, Sterna par-
adisea, flies from pole to pole, a distance of 35,000 km, between breeding sea-
sons (e.g. Berger 1961; Salomonsen 1967) while the American golden plover,
Pluvialis dominica, flies 3300 km nonstop from the Aleutian Islands to Hawaii
in only 35 h (Johnston and McFarlane 1967). The minute 3-g ruby-throated
hummingbird, Archilochus colubris, incredibly flies nonstop for more than
1000 km across the Gulf of Mexico from the eastern United States, a distance
that takes about 20 h to cover. Many passerine species fly nonstop for 50-60 h
on the trans-Saharan migratory route (Berger 1961) and swifts (Apodidae)
and the wandering albatross of the southern oceans are reported to fly contin-
uously (day and night) sleeping, eating, drinking, and mating on the wing
(Jameson 1958; Lockley 1970) and only landing when nesting and inevitably
falling down when they die!
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1.3
Flight at High Altitude

The process by which birds solved the challenges posed by the high O,
demand for flight, mostly at high altitude, elicits interest. In the rarefied high-
altitude atmosphere, while the aerodynamic drag is reduced, the bird has to
do more work to generate the thrust required to maintain forward level flight
(Tucker 1974). Birds that fly or live at high altitude not only face extreme
hypoxia, but also low ambient temperatures. A Ruppell’s griffon vulture, Gyps
rueppellii, was sucked into the engine of a jet-craft at an altitude of 11.3 km
(Laybourne 1974): at that altitude the barometric pressure is about 24 kPa
(180 mmHg; i.e. about 24 % of that at sea level), the PO, in the expired air is
less than 5.3 kPa (39.8 mmHg) - closer to 2.7 kPa (20 mmHg) if hyperventila-
tion brings the PCO, to about 0.67 kPa (5 mmHg) - and the ambient temper-
ature is about —-60 °C. The ability to survive, let alone exercise under such con-
ditions is beyond the reach of many animals. A flock of swans (probably
whooper, Cygnus cygnus) were observed by radar flying at an altitude of
8.5 km (e.g. Elkins 1983). The alpine chough, Pyrrhocorax granulus, perma-
nently resides and nests above an altitude of 6.5 km (Swan 1961) where it
encounters an average temperature of -27 °C while breathing air with a PO, of
9 kPa (69 mmHg). Perhaps the most striking high-altitude well-documented
flight behavior in birds is that of the bar-headed goose, Anser indicus. The bird
makes semiannual migratory flights from its wintering grounds in the Indian
subcontinent to the breeding ones around the large lakes in the south-central
regions of Asia (elevations about 5.5 km). With great admiration and aston-
ishment, climbers near collapse have sighted birds flying high above the sum-
mits of Mt. Everest and Annapurna 1 (alt. 8.8 km). At the altitude that they
cross the highest of the Himalayan peaks, the barometric pressure is about
31.1 kPa (233 mmHg), i.e. about one-third of that at sea level, and the (P) of
oxygen (PO,) in dry air is 6.5 kPa (48.8 mmHg; West 1983). The bar-headed
geese spectacularly cover the journey in one nonstop flight: they take off from
virtually sea level and almost directly reach an altitude of about 10 km with-
out acclimatization (e.g. Swan 1961). If during these excursions the geese
maintain a constant body core temperature of about 41 °C and the inhaled air
is warmed to that of the body and fully saturated with water vapor, the PO, in
the air reaching the respiratory surface should not exceed 4.9 kPa
(36.6 mmHg). In a hypobaric chamber, the goose experimentally tolerates
hypoxia at a simulated altitude of 11 km (Black and Tenney 1980): up to an
altitude of 6.1 km, the bird maintains normal Vo, . without hyperventilating
and, up to 11 km, where the concentration of O, is only 1.4 mmol 1-}, the bird
extracts adequate amounts of O, to necessitate only minimal increase in ven-
tilation.

The greylag goose, Anser anser, a close relative that subsists at lower alti-
tudes, at 39 °C and pH 7.4, has an O, affinity (P) lower (39.5) than that of the
blood of the bar-headed goose (29.7; Petschow et al. 1977; Black et al. 1978).
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Fedde et al. (1989) observed that, in the bar-headed goose, muscle blood sup-
ply and O, loading from the muscle blood capillaries (BCs) rather than venti-
lation or pulmonary gas transfer are the limiting steps in the supply of O, to
the contracting flight muscles under hypoxia. The O, extraction efficiency of
the lung of the bar-headed goose is very high: at a simulated altitude of
11.6 km, the PO, in the arterial blood is only 0.13 kPa (1 mmHg) less than that
in the inhaled air (Black and Tenney 1980). Though bats are not known to fly
at very high altitude, for among other reasons they would lose heat from their
bare bodies excessively, especially across the wings, they have been shown to
tolerate experimental hypoxia very well (Thomas et al. 1985).

In this account, the evolutionary, developmental, structural, and functional
morphologies of the lung-air sac system of birds are examined. Comparison
with other gas exchangers are made to emphasize how the avian respiratory
system differs from or fits into the general pattern of design of vertebrate gas
exchangers.
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Development

The morphology of the avian lung can be
made clear only by observations of its devel-
opment and it is through this channel alone
that one becomes acquainted with the nature
of the modifications of the bird’s lung that
place it in a class by itself. Locy and Larsell
(1916a)

2.1
General Considerations

The embryonic vertebrate lung inaugurates as a ventral out pocketing of the
foregut endoderm into the splanchnic mesoderm. The primordium is thought
to arise from a select group of endodermal cells set aside early in the develop-
ment of the gut (e.g. Hackett et al. 1996). A variety of epithelial organs begin
to form when primitive epithelium interacts with specific mesenchymal tis-
sues at different stages of development, producing organ-specific structures
and functions. Mediated by growth factors (GFs) and cytokines which act as
paracrine signals that direct specific gene responses that regulate cell division
and differentiation, the epithelial-mesenchymal interactions may be permis-
sive or phenotypically instructive. Lack of contact with the pulmonary epithe-
lial cells causes mesenchymally derived cells to fail to produce cells expressing
endothelial-specific genes and ultimately necrose (Gebb and Shannon 2000).
The embryogenesis of the lung calls for coordinated development of the air-
way and vascular systems, a process essential for matched ventilation and per-
fusion in the fully functional, mature organ. In the developing lung bud,
epithelial cells proliferate quickly and undergo reiterative branching, produc-
ing an array of tubes that decrease in diameter as they project outwards (e.g.
Alsberg et al. 2004; Schittny and Burri 2004). Described as ‘growth and
branching of epithelial buds’ by Saxen and Sariola (1987), branching morpho-
genesis is a fundamental embryonic process that occurs in many developing
complex organs like the lung, the mammary gland, the kidney, the tooth, the
pancreas, the tracheal system of insects, and the salivary gland whereby char-
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acteristic three-dimensional architecture of the functional parts is generated.
Such organs provide excellent models for studying and understanding mor-
phological patterning and cell-type differentiation (Shannon et al. 1998;
Hogan 1999; Warburton et al. 2000; Schittny and Burri 2004).

Although epithelial development and branching morphogenesis have
undergone intense investigation (e.g. Alsberg et al. 2004; Schittny and Burri
2004; Tuyl et al. 2004), relatively little is known about the molecular mecha-
nisms that regulate pulmonary vascular formation (e.g. Perl and Whitsett
1999; Warburton et al. 2000; Taichman et al. 2002). Spatially and temporally,
lung development is a highly dynamic process. Cross-talk, i.e. cell-to-cell sig-
naling, between the mesenchymal and the epithelial cells determine cell-spe-
cific developmental pathways that are critical for the normal morphogenesis
of the trachea, bronchi, and respiratory components of the lung as well as dif-
ferentiation of distinct pulmonary epithelial cell lines (e.g. Wessels 1970;
Minoo and King 1994). Distal lung mesenchyme is able to reprogram tracheal
epithelium to branch in a lung-like manner and express distal lung phenotype
while tracheal mesenchyme can prevent distal lung morphogenesis (Shannon
1994; Shannon et al. 1998; Yuan et al. 2000). Branching morphogenesis epito-
mizes an evolutionary conserved mechanism that is exploited to amplify
functional surface area in the lung and other organs. The proposition by
Weibel (1997) that the formation of proper dimensions during branching
morphogenesis of the airway and the vascular elements may be programmed
in the genetic instructions for design and that by West (1987) that an ordered
mechanism of bifurcation is easier to genetically program have been well sub-
stantiated, especially by molecular biology techniques. Regarding the devel-
opment of the avian (parabronchial) lung, however, only scanty and in some
cases irreconcilable data exist (e.g. Romanoff 1960; Duncker 1978; Maina
2003a,b, 2004a,b; Maina and Madan 2003; Maina et al. 2003). The means and
manner by which the structural components form and assemble to grant an
exceptionally complex morphology (Chap. 3) are unsubstantiated. Thorough
grasp of the development of the avian lung is vital to understanding its func-
tional design.

In addition to air sacs (ASs) that among the vertebrate gas exchangers are
exclusive to the avian respiratory system, in various other ways, morphologi-
cally, the parabronchial lung (PRLu) is profoundly different from the bron-
chioalveolar lung (BALu; e.g. Maina 1994, 1996, 1998, 2002a, 2004 c). The fore-
most morphogenetic differences are: (1) in the BALu the airway (bronchial)
system forms by successive budding, elongation, and iterating dichotomous
bifurcation while, in the PRLu, a three-tier contiguous system of air conduits
that comprise primary, secondary, and tertiary bronchi (PR, parabronchi) and
complex vascular architecture form; (2) while in the BALu the airway system
ends blindly, fashioning what is commonly termed ‘respiratory tree’ or ‘bron-
chioalveolar tree’, in the avian lung the airways form a continuous loop:
strictly, while the alveoli are the terminal gas-exchange components of the
mammalian lung, the air capillaries (ACs) of the avian lung are not culs de
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sac; and (3) in complete departure from the perceptibly phased (quantum)
developmental process in which the mammalian lung passes through glandu-
lar/pseudoglandular, canalicular, and ultimately alveolar stages, distinct
developmental phases are lacking in the avian lung: the developmental
changes are diffuse and progressive. Like all the other kinds of gas exchang-
ers, the PRLu and the BALu are designed to allow the respiratory media,
inspired air and venous blood to be exposed to each other over a large surface
area across which respiratory gases, 0, and CO,, are exchanged by passive dif-
fusion along prevailing Ps. Extensive respiratory surface area (RSA) and a thin
blood-gas barrier (BGB) are prototypical structural features of gas exchang-
ers: they are generated through a sequence of well-programmed developmen-
tal processes.

Regrettably, of the large number of extant avian species (9000; e.g. Gruson
1976; Morony et al. 1975), only a handful of species have been well studied.
These include the domestic fowl, Gallus gallus variant domesticus, the pigeon,
Columba livia, the guinea fowl, Numida meleagris, and the domestic muscovy
duck, Cairina moschata. These species are frequently chosen rather for conve-
nience (they are more accessible and are sufficiently large for ease of experi-
mental manipulation) than for their actual taxonomic representivity. An
important matter-of-fact caveat is that interpretations based on data and
observations based or made on these species should be circumspectly extrap-
olated to other species of bird and to the avian taxon in general.

2.2
Bronchial (Airway) System

While the molecular and genetic controls of the development of the tracheal
system of insects (e.g. Sutherland et al. 1996; Jarecki et al. 1999; Sato and Korn-
berg 2002) and the BALu have now been well documented (e.g. Cardoso 2000,
2001; Hislop 2002; Xiao et al. 2003), little is known about the processes that
occur in the avian respiratory system. In the domestic fowl, the embryonic
lungs first become perceptible from day 3.5 (about stage 26; Hamburger and
Hamilton 1951) of embryogenesis (e.g. Duncker 1978; Maina 2003a,b). They
appear like small, ridge-like outgrowths (Fig. 4A). Between days 3.5 and 5.5,
the swellings approximate (Fig. 4B) and fuse on the ventral midline. There-
after, they divide into left and right primordial lung buds (Fig. 4C,D). The lung
buds form by multiplication and projection of the epithelial (endodermal)
cells (that initially lined the primitive foregut) into the surrounding mes-
enchyme (Fig. 5A,B). The buds are covered by a somatopleural mesothelium
(Fig. 5B). As they progressively advance into the coelomic cavity, the develop-
ing lungs diverge towards the respective lateral aspects of the body wall
(Fig.4D), reaching their definitive topographical locations on the dorsolateral
aspect of the coelomic cavity at about day 8 (Fig. 6A). At that stage, the lung
buds have enlarged and transformed from a saccular to a rather wedge shape
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Fig. 4. A Lung buds (arrowheads) developing on the ventral aspect of the floor of the prim-
itive pharynx. Arrow Gastrointestinal system. Day 3. B Lung buds approximating on the
ventral midline (arrowheads). Arrows Gastrointestinal system. Day 4. C Saccular lungs
(arrowheads) diverging and advancing towards the dorsolateral aspects of the coelomic
cavity. Stars Branchial arches. Day 5. D Close-up of the lungs (arrowheads). Arrow Gastroin-
testinal system; asterisk trachea. Day 5. The knobbed arrow shows the cranial-caudal orien-
tation of the specimen. Figures 4-20 and 22-36 are preparations from the domestic fowl,
Gallus gallus variant domesticus. (Maina 2003b)

(Fig. 6A). Next, the lungs rotate along longitudinal and transverse axes and
start to engage and insert into the underlying ribs. From the end of day 9, they
are firmly affixed to the ribs and the hilus lies on the craniomedial aspect.
Costal impressions (sulci) are conspicuous on the dorsolateral aspect of the
lung (Fig. 6B-D).

Forming as an extension of the trachea and the extrapulmonary primary
bronchus (EPPB), the intrapulmonary primary bronchus (IPPB) is the first
airway to form (Fig.7A). It runs from the hilus to the caudal edge of the devel-
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Fig. 5. A Lung bud (dashed oval enclosure) developing on the ventrolateral aspect of the
foregut. Dashed arrow Endothelial cells extending into the underlying mesenchymal cells
(MC). Day 3. B Close-up of the developing lung (after the fusion of the right and left lung
buds) showing the trachea lined by an epithelium with conspicuously large epithelial cells
(arrows). EC Endothelial cells; dashed area mesenchymal cells (MC); arrowhead mesothe-
lial cells covering the formative lung. Day 5. (Maina 2003a)
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Fig. 6. A Lungs (Lu) starting to insert into the ribs (arrowheads). Day 6. B Longitudinal sec-
tion of the lung showing costal sulci (dashed circles). Arrows Developing parabronchi;
arrowheads secondary bronchi. Day 9. C Lateral surface of the lung showing anastomosing
parabronchi (arrows). Arrowheads Costal sulci. Day 10. D Lateral surface of the lung show-
ing well-developed parabronchi (arrows) and costal sulci (arrowheads). Day 13. (Maina
2003b)

oping lung. From day 9, secondary bronchi (SB) progressively sprout from the
various aspects of the luminal (circumferential) surface of the IPPB and radi-
ate outwards (Figs. 7B-D and 8A-F). The IPPB terminates in the formative
abdominal air sac (AAS; Fig. 8D,F-H). Inaugurating as solid cords of epithe-
lial cells (Fig. 9A), parabronchi (PR; tertiary bronchi) form. As the PR
lengthen, they develop a lumen that is encircled by epithelial cells (Fig. 9B,C).
External to the developing PR are cytoarchitecturally heterogeneous mes-
enchymal cells (Mc, Fig. 9D). Successively, the PR grow and anastomose pro-
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Fig. 7A-D. Embryonic avian lungs grown on matrigel rafts at day 7 of development (stage
28). PB Primary bronchus; SB secondary bronchus; GIT gastrointestinal system. Scale bars
0.1 mm. J.N. (Maina and B.K. Kramer, unpubl. observ.)

fusely as they interconnect the SB (Figs. 10 and 11), ultimately forming the
bulk of the lung. Initially, columnar epithelial cells line the parabronchial
lumina (PRL, Fig. 12A-C). The cells attach onto a basement lamina (BL,
Fig. 12B,C). Mesenchymal cells affix onto the outer surface of the BL
(Fig. 12B,C). In due course, epithelial cells transform and organize into cords
that delineate the atria (Fig. 11D), out pocketings from the luminal surface of
the PR (Figs. 11D and 12D). Initially, the epithelial cells that line the PRL join
across laterally located bridge-like extensions (Fig. 13A), large intercellular
spaces exist between the epithelial cells that project prominently into the PRL
(13A,B). As the atria form, they give rise to a variable number of infundibulae
(Figs. 14 and 15). The atria are conspicuous on day 15, the infundibulae on day
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Fig. 8A-H. Embryonic avian lungs grown on matrigel rafts at day 10 showing a primary
bronchus (PB) giving rise to secondary bronchi (SB). The expansions at the ends of the pri-
mary bronchus (arrows) may give rise to air sacs. Ep Epithelium. Scale bars 0.5 mm. J.N.
(Maina and B.K. Kramer, unpubl. observ.)
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Fig. 9. A Cluster of epithelial cells (Ec) surrounded by mesenchymal cells (Mc). Day 9. B
Parabronchi (arrows) with a formed lumen. Mc Mesenchymal cells. Day 11. C Close-up of a
developing parabronchus (Pr) surrounded by a columnar epithelium (Ec). Mc Mesenchy-
mal cells. Day 15. D Mesenchymal cells of the stroma of the developing avian lung showing
interconnections by thin cytoplasmic extensions (arrows). Day 16. (Maina 2003b)

16, and the AC and the blood capillaries (BC) on day 18 (Figs. 16-18). The
atria, infundibulae, and AC form by massive remodeling of the mesenchymal
cell stroma of the ‘undifferentiated’ exchange tissue (ET, parenchyma) of the
developing lung (Figs. 14-18). In the rat lung, the canaliculi enlarge with con-
densation of the mesenchyme, a process brought about by programmed cell
death (apoptosis; Stiles et al. 2001). Progressively, in the lung of the domestic
fowl, the AC approximate the BC, as the thickness of the BGB attenuates. By
time of hatching (day 21), the AC and BC have lavishly intertwined with each
other and the BGB is remarkably thin (Fig. 18C,D).
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Fig. 10. A Parabronchi (Pb) extending (arrows) into the surrounding mesenchymal cells
(MC). Day 15. B Parabronchi (Pb) at the periphery of the lung budding (arrowheads) and
projecting inwards (arrows). MC Mesenchymal cells. Day 16. C A parabronchus (Pb)
branching (arrows) and extending into the mesenchymal cells (MC). Day 16. D Close-up of
secondary bronchus (SB) from which parabronchi (arrows) are sprouting. MC Mesenchy-
mal cells; arrow heads developing blood vessels. Day 10. (Maina 2003a)

Starting with a narrow lumina and proportionately thick ET (Fig. 19A,C),
gradually, the PRL enlarge at the expense of the gas ET (Fig. 19D). In birds
like the domestic fowl (galliforms), interparabronchial septa (IPRS), bands of
connective tissue that separate PR, form (Fig. 19C). The paleopulmonary
parabronchi (PPPR) and the neopulmonary parabronchi (NPPR; Chap. 3.6)
are well formed and have intensely anastomosed by day 14 (Fig. 20). The
PPPR are hoop-like in orientation and are located dorsal to the primary
bronchus (PB), while the NPPR are generally located ventral to the PB and
anastomose more profusely (Fig. 20C). Where they exist, the IPRS bestow a
rather hexagonal (geodesic) shape to the PR (Fig. 19D). The shape may opti-
mize the packaging of the PR in the lung. In the avian lung, a large number
of PR gives a higher volume of ET that in turn should confer more extensive
RSA. In human engineering (e.g. French 1988), geodesic design is known to
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Fig. 11. A Cross section of the primary bronchus (Pb) giving rise to secondary bronchi
(arrowheads) that in turn give rise to parabronchi (arrows). Day 15. B A primary bronchus
(Pb) giving rise to secondary bronchi (arrowheads) that in turn give rise to parabronchi
(arrows). Day 16.C Parabronchi (Pr). Dashed area Anastomosing parabronchi; Ex exchange
tissue. Day 16. D Longitudinal view of a parabronchus showing atria (Ar) that are separated
by atrial muscles (arrowheads). Ex Exchange tissue. Day 18. (Maina 2003b)

impart stronger construction. The cells of the bee’s wax are perhaps the best
known example of exploitation of geodesic design in nature. The avian lung
is reported to be very strong: compression of the lung does not cause signif-
icant collapse of the AC (Macklem et al. 1979). In species of birds where IPRS
are well formed, the AC and BC of adjacent PR do not communicate. The
granular pneumocytes (type II cells) are conspicuous from day 17 of devel-
opment (Figs. 15B-D and 16B). Thereafter, the surfactant should appear on
the respiratory surface.
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Fig. 12. A Parabronchus (Pr) lined by an epithelium (Ec) that comprises of columnar cells.
Ms Mesenchymal cells. Day 12. B, C Parabronchi (Pr) surrounded by an epithelium (Ec) that
comprises simple columnar cells. Arrowheads Basement lamina; Ms mesenchymal cells.
Day 13.D Cross section of a parabronchus (dashed circle) showing developing atria between
atrial muscles (arrows). Arrowhead The parabronchial epithelial lining from which the
atrial muscles develop; dashed lines radiating from the dashed circle positions of the inter-
parabronchial septa that separate adjacent parabronchi. Day 14. (Maina 2003b)

In the BALu substantial development, growth, and remodeling of the ter-
minal airways and alveoli occur postnatally, with the BGB thinning and the
RSA extending at the end of the embryonic life and for a certain time post-
natally (e.g. Burri and Weibel 1977; Schittny and Burri 2004). Moreover, the
degree of lung development at birth varies greatly among mammalian
species. The marsupial quokka wallaby, Setonix brachyurus, e.g., is born with
the lung at the canalicular stage of development (Makanya et al. 2001) and
the highly neotenic naked mole rat, Heterocephalus glaber, carries a rela-
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Fig. 13. A Epithelial cells (EC) lining the lumen of a developing parabronchus. The apical
aspects (arrowheads) project deeply into the parabronchial lumen (PL). The cells are inter-
connected through laterally located intercellular junctions (arrows). Stars Intercellular
spaces; BL basement lamina; MC mesenchymal cells. Day 15. B Close-up of the apical
aspects of the epithelial cells (EC) extending into the parabronchial lumen (PL). Arrow-
heads Microvilli; arrows intercellular spaces. Day 16. (Maina 2003a)
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Fig. 14. A Cross section of a developing parabronchus (Pr) in which atria (arrowheads)
have formed. Arrows Infundibulae; Mc mesenchymal cells. Day 15. B Atria (At) separated by
atrial muscles (arrows) giving rise to infundibulae (If). Ex Exchange tissue; arrowheads
developing air capillaries. Day 16. C Infundibulae (If) giving rise to air capillaries (arrows).
Ex Exchange tissue; At, atria. Day 17. D Atria (At) forming infundibulae (If) that in turn give
rise to air capillaries (arrows). Arrowheads Strut-like muscular structures that may support
the developing atria; circle, a site where adjacent atria anastomose. Day 19. (Maina 2003b)

tively immature lung to adulthood (Maina et al. 1992). In sensorial mammals
such as mice and rats, pups are born with lungs at the saccular stage, in
humans they are at the early alveolar stage, and in precocial mammals such
as sheep they are at the late alveolar stage (Schittny and Burri 2004). On the
whole, the PRLu is well developed and functionally competent at the end of
the incubation period (Duncker 1978; Maina 2003a,b). The structural com-
ponents, especially the AC and the BC, are well formed and reach their great-
est number and size, while the BGB is noticeably thin. Thereafter, only
streamlining and consolidation of the constitutive components occur: no
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Fig. 15. A A developing parabronchus showing a lumen (asterisk) surrounded by atrial
muscles (AM). Arrows Communication between the atria and infundibulae with the
parabronchial lumen; arrowheads, atria. Day 15. B Parabronchial lumen (asterisk) sur-
rounded by atrial muscles (AM). Arrow Connection between an atrium and parabronchial
lumen; stars sites where atrial muscles interconnect. At Atria; arrowheads putative type II
(granular) pneumocytes. Day 17. C Exchange tissue of a parabronchus showing the
parabronchial lumen (asterisk) and forming atria (arrows) leading into the infundibulae
(If). Star Site atrial muscles connect; arrowheads developing air capillaries; IPS inter-
parabronchial septum. Day 17. D Close-up of the exchange tissue showing infundibulae (If)
giving rise to air capillaries (arrowheads). AM Atrial muscles; arrows red blood cells con-
tained in blood capillaries. Day 17. (Maina 2003a)

important new structures appear after hatching. The final remodeling of the
parenchyma occurs through extensive apoptosis, especially during the last 3
days of development. In the mammalian (rat) lung, apoptosis occurs towards
the third postnatal week of development (Schittny et al. 1998; Bruce et al.
1999). Duncker (1978) attributed the accelerated embryonic development of
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Fig. 16. A A formative infundibulum (If) giving rise to air capillaries (AC). EC Epithelial
cells; stars red blood cells. Day 16. B Close-up of an infundibulum (If) with type II (granu-
lar) pneumocytes (GP) in the surrounding epithelium. Arrowheads Osmiophilic lamellated
bodies; stars red blood cells. Day 17. C Exchange tissue showing blood capillaries contain-
ing red blood cells (stars) surrounded by developing air capillaries (AC). Arrowheads Con-
spicuously thick blood-gas barrier (BGB). Day 18. D Exchange tissue at the periphery of a
parabronchus showing blood capillaries containing red blood cells (stars) surrounded by
air capillaries (AC). The blood-gas barrier (arrowheads) is much thinner. IPS Inter-
parabronchial septum. Day 20. (Maina 2003a)

the PRLu, particularly during the final days, to mechanical ventilation of the
lung, a process that is reported to occur before hatching (e.g. Visschedijk
1968).

Among birds, evident differences exist in the degrees of lung development
between altricial and precocial birds (Duncker 1978). In the latter, e.g., the
domestic fowl and the herring gull, Larus argentatus, of which the chicks
receive little or no parental care and the chicks are able to walk and feed soon
after hatching, the atria and the gas ET are well developed at hatching. In altri-
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Fig. 17. A Air capillaries (AC) surrounded by developing blood capillaries that contain red
blood cells (stars). Arrows Nuclei of forming endothelial cells; IPS interparabronchial sep-
tum. Day 17. B Developing blood capillaries that contain red blood cells (stars) extending
and surrounding the air capillaries (AC). Arrowheads Cells and connective tissue elements
breaking down and leading to interconnection of the blood capillaries; EC endothelial cells.
Day 17. C Close-up of developing air capillaries (AC) and blood capillaries containing red
blood cells (stars). Arrows Sites where connective tissues and cells have broken down to
allow connection between the developing blood capillaries; dashed area a site where cells
are breaking down to lead to an air capillary being totally surrounded by a blood capillary;
arrowhead formative BGB. Day 18. D Air capillaries (AC) and developing blood capillaries
containing red blood cells (stars). Arrows Disintegrating mesenchymal cells; arrowheads,
extension of and formation of vascular spaces. Day 19. (Maina 2003a)
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Fig. 18. A Developing blood capillaries (BC) with some of them containing red blood cells
(stars). AC Air capillaries; arrows formative endothelial cells; arrowheads BGB. Day 18. B
Thin BGB (arrowheads) between air capillaries (AC) and developing blood capillaries some
of which contain red blood cells (stars). Arrows Formative endothelial cells or disintegrat-
ing mesenchymal cells. Day 19. C Air capillaries (AC) and blood capillaries containing red
blood cells (stars). Arrowheads Thick parts of the BGB. Day 21. D Air capillaries (AC) and
blood capillaries containing red blood cells (stars). Arrowheads Thin BGB. Day 26. (Maina
2003a)

cial birds, where the chicks are helpless and unable to feed themselves, e.g., the
pigeon, Columba livia, the PR are small, the atria shallow, and the gas-
exchange mantle is thin. While some growth of the PR continues after hatch-
ing in both the precocial and altricial birds, the process is more marked in
later taxon where the development of the PR is completed just before the birds
start to fly. With minimal or no parental care, adequately efficient lungs are
essential for the survival of chicks of precocial birds to enable them to run
and/or fly in order to escape from predators and procure food.
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Fig. 19. A Stacks of parabronchi (arrows). Arrowhead Costal sulcus. Day 15. B Developing
parabronchi (arrows) separated by interparabronchial septa (arrowheads). Ex Exchange tis-
sue. Day 16. C Parabrochi (Pr) with parabronchial lumina surrounded by relatively thick
exchange tissue mantle (Ex). Arrowheads Interparabronchial septa. Day 18. D Parabronchi
(Pr) with wide parabronchial lumina and thin gas exchange tissue (Ex). Day 26. (Maina
2003a)

On the whole, in the avian lung, a ‘tree-like’ arrangement where arteries
and veins strictly track the airways, as occurs in the mammalian lung
(Fig.21),does not form (e.g. Abdalla 1989). The PR anastomose and intercon-
nect the SB, establishing continuity of the air conduits: there are no cul-de-
sacs (blind-ends) in the PRLu. While in the BALu the airway system forms by
regular dichotomous bifurcation, with branches following predictable
dorsoventral, mediolateral, and proximal-distal trajectories (e.g. Adamson
1997; Cardoso 2001; Schittny and Burri 2004; Fig. 21A,C), in the PRLu the
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Fig. 20. A Parabronchi (arrows) on the craniomedial aspect of the lung. Arrowhead First
medioventral secondary bronchus. Day 13. B Transverse section of the lung showing a pri-
mary bronchus (arrowhead) giving rise to secondary bronchi (arrows). Pr Parabronchi. Day
15. C Longitudinal section of the lung showing a primary bronchus (Pb) giving rise to sec-
ondary bronchi (arrows). The dashed line separates the paleopulmonic region of the lung
(above) and the neopulmonic one (below). Pr Parabronchi; arrowheads costal sulci. Day 15.
D Craniodorsal aspect of the lung showing deep costal impressions (arrowheads) and pale-
opulmonic parabronchi (Pr) separated by the costal sulci. Day 16. (Maina 2003a)

IPPB runs through the lung (Figs.7 and 8), giving rise to SB and PR that inter-
connect the SB (Figs. 9 and 20): a continuous loop of the airway system exists.
This design is fundamental to the back-to-front through-flow of air (continu-
ous and unidirectional ventilation) in the avian lung that is effected by the
concerted action of the air sacs (e.g. Fedde 1980) and an inherent aerody-
namic valving mechanism (Chaps. 3.9 and 3.11).
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Fig. 21A-C. Triple latex cast preparations of the lung of the pig, Sus sucrofa, showing that
the bronchial system (B), the arterial system (A), and the venous systems (V) pattern each
other. Respectively, B, C, and D show the venous, bronchial, and arterial systems. Scale bars
1 cm. (Maina and van Gils 2001)
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2.3
Air Sacs

In the domestic fowl, the air sacs (ASs) first form as blister-like outgrowths
from the cranial, ventral, and caudal surfaces of a rather wedge-shaped lung
(Fig. 22). The promordia of the AASs form between days 5 and 7 and the cer-
vical ASs (CeASs) from day 6 to 8.In quick succession, between days 7 and 12,
the clavicular ASs (CIASs), the cranial thoracic ASs (CrTASs), and caudal tho-
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Fig. 22. A Developing cervical air sac (dashed circle). Arrows Secondary bronchi converging
onto the air sac. Day 6. B Developing cervical (arrowhead), abdominal (star), and caudal
thoracic (dashed circle) air sacs. Arrows Secondary bronchi. Day 7. C Close-ups of develop-
ing cervical (arrowhead) and interclavicular (dashed circle) air sacs. Arrows Secondary
bronchi converging onto the formative air sacs. Day 6. D Views of abdominal (arrow), cervi-
cal (arrowhead), and craniothoracic (dashed circle) air sacs. Lu Lung. Day 8. (Maina 2003a)
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racic ASs (CaTASs) appear. The ClASs and the CeASs arise from the cranial
edge of the lung, the CrTASs and the CaTASs from the ventral aspect, and the
AASs from the caudal edge. Sites where the ASs connect to the PB, SB and PR
are called ostia (Chap. 3.5.2). Arising from the terminal end of the developing
IPPB (Figs. 7 and 8), the AASs pierce the horizontal septum and extend into
the coelomic cavity where they interface with the surrounding visceral struc-
tures and in some species radiate to pneumatize adjacent bones. By day 15, the
CeASs have extended up the neck and particularly pneumatized the cervical
vertebrae. In the domestic fowl, among the entire ASs, from day 16, the AASs
are the largest. At hatching, except for the ClASs, the other ASs are paired.

24
Pulmonary Vasculature

During embryogenesis, the cardiovascular system is the first to appear. Coor-
dinated growth and specialization of the circulatory system are critical for
normal maintenance, growth, differentiation, and function of developing
organs and tissues (e.g. Ruberte et al. 2003). Each vascular bend is specialized
to meet the specific functional requirements of the organ that it supplies
blood to. This makes the vascular system the single most structurally diverse
organ system in the body. The morphogenesis of the pulmonary circulatory
system, one of the many functionally distinct vascular beds formed during
development, has been studied over a long period of time. The growth and
branching of the epithelium that are destined to give rise to the airways corre-
late closely with that of the blood vessels, producing an architectural design
that grants optimal exposure of air and blood. The factors/mechanisms
involved in the development of the vasculature must provide organizational
information as well as growth signals. The close anatomical patterning
between the airway and the vascular systems in the developing lung (Fig. 21)
has led to the hypothesis that cellular interactions between the epithelium and
the mesenchyme control blood vessel formation.

The earliest observation on microvascular growth was ostensibly made in
1853 by Meyer (cited by Hudlicka and Tyler 1986) who discerned spindle-
shaped structures arising from blood capillaries in tails of tadpoles, which
ultimately became hollow/tubular. Describing the mechanism of formation of
vascular plexi from isolated angioblast clusters within the area pelucida of the
early chick embryo, Florence Rena Sabin (Sabin 1920) was the first person to
empirically characterize vascular morphogenesis. Subsequently, key advances
in the study of vascular formation occurred with development of antibodies
specific to several angioblast endothelium-specific molecules, QH1 (Par-
danaud et al. 1987), SCL/TAL-1 (Kallianpur et al. 1994; Drake et al. 1997), and
platelet endothelial cell adhesion molecule-1 (PECAM; Newman and Albeida
1992), as well as quail/chick chimeric analyses (e.g. Poole and Coffin 1991).
The mesodermal origin of the blood vessels was first suggested by Hahn
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(1909) and Miller and McWhorter (1914). The origin of blood cells and the
mechanism by which they enter the lumina of blood vessels have been of
long-standing interest. The first step in the formation of the blood vessels
(vasculogenesis) is the formation of a subpopulation of motile mesenchymal
cells into hemangioblast clusters or blood islands (e.g. Noden 1989; Risau and
Flamme 1995; de Mello et al. 1997). The endothelial cells and hematopoietic
cells originate from a common mesenchymal precursor cell, the heman-
gioblast (e.g. Asahara et al. 1997; Choi et al. 1998).

2.4.1
Hematogenesis

Arising from a cytoarchitecturally rather homogeneous group of primordial
mesenchymal cells in the embryonic lung of the domestic fowl, hematoge-
netic cells become conspicuous on day 5 of development (Maina 2003a,
2004a). Thereafter, the cells differentiate and transform into committed ery-
throgenetic cells (erythroblasts) and leukogenetic cells (leukoblasts). Some of
the mesenchymal cells undergo apoptosis: they round-up, disintegrate, the
filopodia fold-up, the cytoplasm granulates, and the nucleus becomes periph-
erally displaced (Fig. 23A,B). In other cells, haemoglobin accumulates in the
cytoplasm (Fig. 23C,D). Such cells are immediately surrounded by adjacent
mesenchymal cells (Fig. 23D). The leukogenetic cells are spherical
(Fig. 24A,B), the nucleus is eccentrically located, and large electron dense
inclusion bodies exist in the cytoplasm (Fig. 24C,D). By day 8, many erythro-
cytes are scattered in the mesenchymal stroma of the developing lung
(Fig. 25). Relatively few leukocytic cells are, however, evident. Erythrogenetic
cells appear to induce adjacent mesenchymal cells to differentiate into angio-
genetic (blood vessel-forming) cells (Fig. 26). The embryonic erythroblasts
mitotically divide in the mesenchymal tissue stroma (Fig. 25C,D). After sur-
rounding the erythroblasts, the immediate angiogenetic cells form endothe-
lial cells that line the formative blood vessels (Figs. 26-28), with the outer
peripheral cells forming the vessel wall. Cytoarchitecturally, angioblasts pos-
sess filopodial extensions and large nuclei with scattered nucleoli (Fig. 29).In
some parts of the developing lung, adjacent mesenchymal cells differentiate
into arrays of erythrocytes (Fig. 30A-C). The cellular groupings are then sur-
rounded by angioblasts that form an endothelium (Fig. 30B-D). Interestingly,
leukocytes do not form cellular continuities nor do they induce mesenchymal
cells to differentiate into angioblasts and surround them (Fig. 24A,D).
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Fig. 23. A A mesenchymal cell undergoing apoptosis: filopodia shorten (arrows) and the
cytoplasm granulates. An Angioblast contacting the cell through filopodia (arrowheads);
Nu nucleus. Day 4. B A mesenchymal cell at an advanced stage of apoptosis with dense,
granular cytoplasm (star) and reduced eccentrically located nucleus (Nu). An Angioblasts
contacting the cell through filopodia (arrowheads). Day 5. C A mesenchymal cell and accu-
mulating haemoglobin (star). Nu Nucleus; dashed line top edge of the transforming cell.
Day 5. D A mesenchymal cell with accumulated hemoglobin (erythroblast, ER) surrounded
by angioblasts that ultimately form endothelial cells (Ec). An Angioblasts with conspicuous
filopodia. Day 6. (Maina 2003a)
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Fig. 24. A A forming granular leukocyte (arrow) lying in the midst of angioblasts (An) and
undifferentiated mesenchymal cells (Mc). Day 6. B Granular leukocyte (arrow) and erythro-
cytes (Er) developing among the mesenchymal cells (Mc). Day 14. C A granular leukocyte
(Gc) budding from a mesenchymal cell (Mc). Day 11. D A granular leukocyte (Gc) contacted
by angioblasts (An) through long filopodial processes (arrows). Day 10. (Maina 2003a)
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Fig. 25. A, B Erythrocytes (Er) surrounded by angioblasts (An) which on contacting the
erythrocyte form endothelial cells (Ec). Day 6.C, D Erythrocytes (Er) form from mesenchy-
mal cells (Mc) and appear to divide (dashed circle, C; arrowheads, D). The arrow in D shows
an erythrocyte that has separated from another. Day 7. (Maina 2003a)
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Fig. 26. A An erythrocyte (Er) surrounded by angioblasts (arrowheads). Star Basement
lamina of the epithelial cells that surround a parabronchus. Day 9. B Erythrocyte (arrow)
surrounded by an endothelial cell (Ec). Arrowheads Angioblasts. Day 9. C Erythrocytes
(star) surrounded by an endothelial cell (Ec). Arrowheads Angioblasts. Day 9. D Erythro-
cytes (stars) lying in close proximity to endothelial cells (Ec). An Angioblasts. Day 11.
(Maina 2003a)
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Fig. 27. A, B Blood vessels (circled) containing erythrocytes (Er) and angioblasts (An) lying
in close proximity. Day 7. C Erythrocytes (Er) with endothelial cells surrounding them. An
Angioblasts; arrow an erythrocyte. Day 8. D Formative blood vessel with endothelial cells
(Ec) surrounding erythrocytes (Er). Day 8. (Maina 2003a)
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Fig. 28. A Blood vessels developing from aggregation of angioblasts (An) that convert into
endothelial cells (arrows; enclosed by dashed lines). Er Erythrocytes. Day 14. B-D The
arrangement of the angioblasts (An) determines the direction along which the forming
blood vessel elongates (dashed area, B). Er Erythrocytes; Ec endothelial cell. Day 14. (Maina
2003a)
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Fig. 29. A, B Angioblasts (An) with characteristic filopodia extensions (arrows). During the
development of the lung, some of the cells (Hc) undergo apoptosis. During the process, the
filopodia blunt and the cytoplasm granulates. Day 8. (Maina 2003a)
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Fig. 30. A Erythrocytes (Er) forming by transformation (arrow) of the mesenchymal cells
(Mc) of the developing lung. Day 9. B, C Arcades of erythrocytes (arrows, B) that change to
blood vessels (dashed areas) once surrounded by angioblasts (An) that form endothelial
cells (Ec). Mc Mesenchymal cells. Day 9. D An erythrocyte (arrow) contained in a blood ves-
sel. Ec Endothelial cell; Mc mesenchymal cell; An angioblast. Day 11. (Maina 2003a)
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24.2
Vasculogenesis and Angiogenesis

Whilst the organization of the pulmonary circulation in the mature avian
lung has been well studied (e.g. Abdalla and King 1975, 1976a,b, 1977; West et
al. 1977; Maina 1982a, 1988), and reviewed by Abdalla (1989), the mechanism
by which the vascular system is assembled is largely uncertain. Initially, it was
postulated by His (1900), among others, that all blood vessels within the
embryo were derived from extraembryonic precursor cells. Through pro-
grammed budding, branching, and extension, the primordial blood vessels
grew and proliferated throughout the whole embryo. That view was, however,
later rejected by Evans (1909) and Reagan (1916), among others, who demon-
strated that systemic blood vessels originated intraembryonically - not by
invasion from the vascular extraembryonic yolk sac. Subsequent studies, e.g.,
using electron microscopy (e.g. Gonzalez-Crussi 1971; Hirakow and Hiruma
1981) and immunostaining with antibodies specific to primitive hematopoi-
etic and vascular precursor cells (e.g. Coffin and Poole 1988; Pardanaud et al.
1987), further showed that the endothelium of intraembryonic blood vessels
does not form by extension of extraembryonic vessels into the embryo but
rather that extraembryonic vascularization heralds that of the embryo. Coffin
and Poole (1988), Poole and Coffin (1989), and Pardanaud et al. (1989)
observed that the cellular mechanisms that occur in vasculogenesis and
angiogenesis are different and may be regulated by different molecular fac-
tors. Used by His (1900) to describe the nascent mesenchymal cells committed
to the endothelial lineage, the word ‘angioblast’ was adopted by Lillie (1918) to
describe the layer of mesoderm in the area opaca of the chick embryo that
gives rise to blood islands while Bremer (1912) and Sabin (1920) suggested
that the term ‘angioblast’ should describe the cell type intermediate between
mesoderm and endothelium. Presently, there is no single marker available to
differentiate an angioblast from an endothelial cell (Healy et al. 2000). It is as
a precursor of an endothelial cell (yet incorporated to the endothelial tissue)
that the term angioblast is currently used (e.g. Noden 1989; Maina 2004a).

Local environmental conditions together with proximity to certain cellular
elements such as the endoderm greatly affect vasculogenesis (e.g. Davis and
Bayless 2003). Hirakow and Hiruma (1981) observed that, in the chick
embryo, the pattern of vasculogenesis varies according to the developmental
stage and the particular body region. Unlike those derived from the somato-
pleuric mesoderm, intraembryonic angioblasts derived from the splanchnic
mesoderm can produce hematogenic cells (e.g. Pardanaud and Dieterlen-
LiEvre 1993; Pardanaud et al. 1996). Since the pioneering studies of Sabin
(1917, 1920) and Danchakoff (1918), the question of the origin(s) of the vas-
culoendothelial cells (VECs) and the hematogenetic cells (HGCs), especially
erythrocytes, has remained elusive. Moreover, clear categorization of the var-
ious angiogenetic (vasoformative) progenitor cells is lacking (e.g. Downs
2003).
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In the developing avian lung, the differentiation of the mesenchymal cells
into hematogenetic and angiogenetic cells starts as early as day 5 of develop-
ment (Maina 2003b, 2004b). With a clear definition of the various vasculoge-
netic cells lacking in the literature, Maina (2003a,b; 2004a) called the commit-
ted cells ‘angioblasts’ and the first of such cells to surround the formative
erythrocytes ‘endothelial cells’. Investigators like Murray (1932), Péault et al.
(1983), and Lacaud et al. (2001) suggested that a common precursor cell, ‘a
hemangioblast’, produced both VECs and HGCs while Pardanaud et al. (1989,
1996) and Pardanaud and Dieterlen-Liévre (1993) observed that, in visceral
organs, the cells originated differently. Lacaud et al. (2001) considered the
hemangioblast to be the precursor cell that produces both the endothelial and
blood cells. In the embryo of the eel, Fundulus heteroclitus, Stockard (1915)
remarked that “vascular endothelium, erythrocytes, and leukocytes although
all arising from mesenchyme are really polyphyletic in origin”. In the embry-
onic avian lung, the inaugural blood cells, i.e. erythroblasts and leukoblasts,
arise from cytoarchitecturally similar mesenchymal cells (Maina 2003b;
2004a). In complete contrast, in the embryo of Fundulus heteroclitus, Dan-
chakoff (1918) observed that “erythrocytes develop within the vessels, leuko-
cytes outside of them”. In the embryonic avian lung, erythrocytes form early
and are seemingly vital for vasculogenesis and subsequently angiogenesis
(Maina 2003b, 2004a). In complete contrast to the developing avian lung,
interestingly, in teleost hybrids, Reagan and Thorington (1916) noted that
“leukocytes are never developed in embryos that have never possessed a circu-
lation”.

In the embryonic lung of the domestic fowl, vasculogenesis occurs diffusely
from about day 7. With conspicuous filopodial extensions, the characteristi-
cally stellate angioblasts (Fig. 29) approach and surround the erythroblasts
(Figs. 26 and 27C). Gradually, the angioblasts connect and form blood vessel
walls (Figs. 27 and 28): angioblasts that lie next to erythrocytes form the
endothelial lining while the outer ones contribute to the formation of the ves-
sel wall. Endothelial cell density within a certain area of an embryonic vascu-
lature can be used to distinguish between a small diameter capillary-like vas-
cular network (low endothelial cell density) and a large diameter,
presinusoidal network (high endothelial cell density; LaRue et al. 2003). Inter-
estingly, in the developing avian lung, the granular leukocytes are never sur-
rounded by angioblasts (Fig.24A,D). From day 9, the initially scattered vascu-
lar units begin to connect and surround the developing PR (Fig. 31A). The
interparabronchial blood vessels (IPRBVs) are located midway between the
ETs of adjacent PR (Fig. 31B). In the ET, the BCs form through transformation
of the mesenchymal cells into erythrocytes (Fig. 31C). Subsequently, the for-
mative vascular units connect after substantial remodeling of the parenchy-
mal stroma, particularly by apoptosis (Fig. 31D). Presence of erythrocytes in
the lumina of the formative PR (Maina 2003a) indicated pluripotentiality of
the epithelial and mesenchymal cell differentiation. Epithelial cells may trans-
form into hematogenic cells, especially erythroblasts (Maina 2003a). The
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arrangement and orientation of angioblasts around a formative vascular unit
set the direction along which a blood vessel sprouts (Fig. 28). Endothelial cells
appear to transform into erythrocytes, detach, and fall into the vessel lumen
(Maina 2003a), a feature that further illustrates the plasticity of the vasculoge-
netic primordial cells of the developing avian lung bud. The IPRBVs
(Fig. 31A,B) are well formed by day 10. Complete pulmonary circulation, i.e.
from the heart through the ET of the lung, is not, however, established until

Fig. 31. A Blood vessels (arrows) developing between parabronchi (stars). The blood ves-
sels are about to fuse (dashed circle). Day 14. B An interparabronchial blood vessel with a
thick wall (arrowheads) and lumen packed with erythrocytes (asterisk). Day 18.C Continu-
ity of erythrocytes (Er; dashed areas) forming around air capillaries (stars). Ec Endothelial
cell. Day 18.D Blood capillaries (BC) developing in the gas exchange tissue by intracytoplas-
mic lumenization of the endothelial cells (Ec). Arrows Erythrocytes; AC air capillaries. Day
19. (A from Maina 2003b; B, C from Maina 2004a; D from Maina 2003a)
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after day 18 of embryonic development when the BC are well formed
(Figs. 15D, 16C,D, 17 and 18). Since before a functional pulmonary circulatory
system is formed and the embryo has had access to air the earliest erythro-
cytes cannot play a role in gas exchange, it is implicit that the role of de novo
erythropoiesis is that of initiating and regulating vasculogenesis and possibly
angiogenesis.

Developmentally, the avian pulmonary vasculature inaugurates in a scat-
tered manner. The discrete vascular units steadily connect and ultimately link
up with the systemic circulation across the heart through the pulmonary
arteries and veins. In the mature lung, vascular architecture displays cross-
current, counter-current, and multicapillary serial arterialization arrange-
ments (Chap. 3.8), means by which air and blood are presented and exposed
to each other in the ET. The fabrication of the vasculature is spatially and tem-
porally well coordinated: it forms by piecemeal interconnection of indepen-
dently formed vascular units.

2.5
Blood-Gas Barrier (BGB)

In certain consequential ways, compared with other organs, the vertebrate
lung is structurally and functionally unique: it is the only organ in the body
that accepts the total cardiac output, a measure that increases several-fold
during strenuous exercise; during life, the pulmonary vasculature tolerates
shifting tensions that are generated by contractions of the cardiac muscle,
and, in contrast to gas exchangers such as the gills that are stabilized by sup-
port of water, a fluid medium of which the density is equivalent to that of
blood, in lungs, air, material of lower specific density balances blood, a fluid of
measurably higher density. The BGB of the vertebrate lung hence encounters
a real challenge of maintaining structural integrity.

For transition from water to land, one of the most important adaptations
was the switch from water to air breathing (e.g. Little 1990; Graham 1997). For
efficient gas exchange by passive diffusion, a thin and extensive BGB is neces-
sary. Trade-offs and compromises were invoked in the process of producing a
structure of which the properties were totally at variance: thin to offer effi-
cient flux of respiratory gases and adequately strong to withstand stress dur-
ing ordinary conditions of operation. The three-ply (tripartite laminated)
design of the BGB in the vertebrate lung (Chap. 3.3) has apparently been con-
served for about 400 million years (e.g. Pough et al. 1989). Body designs that
have remained constant for a long evolutionary period have been termed
‘Bauplans’ (=’blue-prints’ =’frozen cores’; e.g. Wagner 1989). The rarity of
such designs in biology bespeaks of the importance and the immense mater-
ial cost of establishing and supporting such structures.

Recently, Schittny and Burri (2004) stated that “it is only poorly understood
what governs the formation of the air-blood barrier”. In the developing lung
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Fig. 32A,B. Thinning of the BGB by extension of air capillaries into the mesenchymal tissue
stroma (arrows). Dashed lines Intercellular spaces along which epithelial (Ep) and endothe-
lial (En) cells fuse; Er erythrocytes; star a wide intercellular space between an endothelial
and an epithelial cell; arrowheads site where endothelial and epithelial cells have begun to
fuse forming common basement lamina. Day 16. (Maina 2004b)
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Fig. 33. A Formation of thin BGB by approximation of the endothelial (En) and epithelial
(Ep) cells after disintegration of mesenchymal (interstitial) cells (arrows). Dashed lines
Space between epithelial and endothelial cells; arrowhead intercellular junction between
endothelial cells; Er erythrocytes; circle a point where endothelial and epithelial cells have
fused. Day 17. B Development of thin BGB showing deposition of extracellular matrix
(arrowheads), material that comes to constitute a common extracellular space. Er Erythro-
cytes; En endothelial cell; Ep epithelial cell; arrow microvilli. Day 17. (Maina 2004b)
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of the domestic fowl, originating from the infundibulae that in turn arise from
the atria (Figs. 14, 15 and 16A,B), the AC project profusely into the peri-
parabronchial tissue from day 18. As the AC extend deeper into the ET, the BC
come closer to the forming air spaces. Progressively, the AC and BC intertwine
in three dimensions. A thin BGB forms by means of cell transformation,
translocation, and breakdown (Maina 2003b, 2004b). In the mammalian lung,
canaliculi form by apoptosis (Schittny et al. 1998; Bruce et al. 1999; Stiles et al.
2001).In the rat lung, the thinning of the alveolar septa results in reduction of
the absolute mass of the interstitial tissue in spite of a 25% decrease in lung
volume (Schittny and Burri 2004). The absolute number of fibroblasts is
reduced by 10-20 % and the epithelial cells by more than 10 % (Kaufman et al.
1974). Interstitial (mesenchymal) cells that are located between endothelial

Fig. 34. A Exchange tissue of the avian lung showing blood capillaries (BC) containing ery-
throcytes (Er) and air capillaries (AC). EC Perikaryon of an epithelial cell; arrow area where
an epithelial cell has disintegrated. Day 26. B-D In the sites where air capillaries lie next to
each other (arrows), an extracellular matrix space is lacking (arrows). Er Erythrocyte; BC
blood capillary; En endothelial cell; AC air capillary. Day 26. Scale bar A, 10 pm; B-D 5 um
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and epithelial cells are displaced while others disintegrate (Figs. 32 and 33):
gradually, endothelial and epithelial cells approximate until they contact. Sub-
sequently, the cells deposit extracellular matrix between them (Fig. 33). In
transgenic mice in which the sequence coding for nidogen-binding site y11II4
within the laminin-y1 chain (Lamcl gene) was selectively deleted by gene tar-
geting, in large parts of the BGB the BL was disrupted or missing and the
epithelial and endothelial cells failed to contact (Willem et al. 2002). By day 21
(hatching), in the domestic fowl, a thin BGB has formed and the lung is struc-
turally well prepared for gas exchange: the BC and the AC are well formed
(Fig.34A) and, in the sites where BC and AC lie adjacent to each other, the BGB
adopts a three-ply construction, i.e. epithelial and endothelial cells contact
across an extracellular matrix space (basement lamina; Fig. 34B-D). In those
areas where AC lie next to each other (Fig. 34A), the perikarya of the type 1
epithelial cells disintegrate, leaving sites where the cytoplasmic flanges of the
epithelial cells contact directly (Fig. 34B-D): it is tacit that in the avian lung,
the extracellular matrix of the BGB is made and/or deposited by the endothe-
lial cells. Lack of a BL in those areas where AC lie adjacent to each other may
be explained by the fact that, in the rather rigid avian lung (e.g. Jones et al.
1985), such sites do not experience tension from shifting intramural blood
pressure. Presence of a BL in the sites of the BGB where AC and BC lie next to
each other, parts that undergo tension from changing intramural blood pres-
sure, suggests that the tension-bearing capacity of the BGB exists in the BL,
not in the epithelial or endothelial cells. Burri (1997) hypothesized that inter-
action between the mesoderm-derived endothelium and the endoderm-
acquired epithelium regulated the development of the BGB. There is now
compelling, though indirect, evidence that in the vertebrate lung, the stress-
bearing capacity of the BGB is contributed by collagen type IV located in the
lamina densa of the extracellular matrix (e.g. West and Mathieu-Costello
1999). Essentially, a heteropolymer of two al(IV) chains and one a2(IV)
chain (e.g. Martin et al. 1988) that are connected both laterally and through
their terminal domains (e.g. Yurchenco et al. 1986), type IV collagen forms a
dense molecular network in the basement lamina (e.g. Timpl et al. 1981). Pro-
viding high tensile strength with minimal increase in thickness, type IV col-
lagen is the ideal material for construction of a thin and adequately strong
BGB.
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2.6
Molecular and Genetic Aspects in Lung Development

2.6.1
General Observations

While plentiful data now exist on the development of the mammalian lung
(e.g. Cardoso 2000; Warburton et al. 2000; Alsberg et al. 2004; Tuyl et al. 2004),
little work has been done to identify and categorize the genes and molecular
factors that are involved in the morphogenesis of the avian lung. Given the
greater morphological complexity of the avian lung (Chap. 3), it is implicit
that the molecular factors and the genetic interplay involved in its develop-
ment should be more intricate. Quite possibly, there are species-specific dif-
ferences in the reactions of the epithelial and the mesenchymal components
of developing lungs to similar and different inductive cues. A general review
of pulmonary development is given here to highlight the critical lack of data
on the avian respiratory system.

From the early stages of pulmonary development, progressive structural
transformation is controlled by suites of genetically conserved intercellular
signaling pathways (e.g. transcriptional factors), soluble peptide GFs, and
insoluble extracellular matrix (ECM) molecules (e.g. Healy et al. 2000).
Closely coordinated signals regulate cell proliferation, growth, motility, and
apoptosis (e.g. Affolter et al. 2003; Warburton et al. 2003; Alsberg et al. 2004;
Tuyl et al. 2004): an organ primordium (anlage) that is formed within a diffuse
embryonic domain changes into recognizable morphological patterning. The
progenitor cells proliferate, differentiate, and diversify into different lineages
and appropriate organ-specific stem cells in different cell environments. At
maturity, the genetically programmed stem cells produce new progenitors
that typically differentiate along the same tissue-specific lineage pathways
(e.g.Brazelton and Blau 2004). Differences in the growth rates of the epithelial
cell are caused by complicated interplay between soluble, insoluble, and phys-
ical signals from local microenvironments. From simple outpouchings of the
foregut endoderm, epithelial cell cords (formative airways) bifurcate and
lengthen in a proximal-distal axis, giving complex three-dimensional archi-
tecture (e.g. Bernfield 1977).

While the molecular mechanisms involved in the development of the
bronchial system are well known (e.g. Perl and Whitsett 1999; Alsberg et al.
2004; Tuyl et al. 2004), those involved in the development of the pulmonary
vascular system are relatively little known. Members of the vascular endothe-
lial growth factor (VEGF) and its flk-1/KDR receptor (e.g. Ferrara 2000; D’An-
gio and Maniscalco 2002), angiopoetin and the emprin family (Dumont et al.
1994; Hall et al. 2002) have been implicated in the development of the pul-
monary system. Mice with an inactivated flk-1 receptor or VEGF gene die in
utero (e.g. Ferrera 2000), while knockout mice lack yolk-sac blood-islands
and there are no organized blood vessels at any stage of development (Shalaby
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et al. 1997). The lethality of deletion of a single allele illustrates the critical
importance of VEGF in embryonic vascular development (Carmeleit et al.
1996). The Gli family of transcription factors (Gli 1-3) are transducers of
sonic hedgehog (Shh) signaling located in the foregut mesoderm (Hui et al.
1994). In the course of lung morphogenesis, the genes are expressed in over-
lapping but distinct areas of the lung mesenchyme (Grindley et al. 1997). Gli2-
~and Gli3"- double mutant mice die typically by day 10.5 without evidence of
primitive lung or trachea formation (Motoyama et al. 1998). Shh.Shh-- null
mutants form lungs but branching is severely impaired (Litingtung et al. 1998;
Pepicelli et al. 1998).

Genetic studies have shed light on the mechanisms underlying mammalian
lung cell lineage diversification. For example, the bHLH genes Ascll (Mash 1)
and Hesl promote the development and production of the neuroendocrine
cell lineage (Borges et al. 1997; Ito et al. 2000). The three-dimensional pattern
of expression and production of fibroblast growth factor-10 (FGF-10) in dis-
crete regions of the mesenchyme around the developing lung bud (e.g. Park et
al. 1998; Cardoso 2000; Kaplan 2000) may determine how, where, and when
new buds develop. Deletion or mutation of FGF-10 (e.g. Bellusci et al. 1997) or
its receptor FGFR-2 inhibits lung branching (Peters et al. 1994). No bifurcation
of the lung epithelial cell cords occurs in the absence of FGF-10 (Sekine et al.
1999). Expressed in the mesenchyme, FGF-10 controls the expression of bone
morphogenetic protein-4 (BMP-4) at the growing (terminal) epithelial bud
(Bellusci et al. 1996a; Weaver et al. 2000; Hyatt et al. 2002). BMP-4 belongs to
the tumor growth factor-p (TGT-f) superfamily and controls cell differentia-
tion and proliferation at the epithelial buds (Hyatt et al. 2002). Stimulation of
the growth of the epithelial cell tubules is mediated by an array of molecular
factors that include endothelial growth factor (EGF or TGT-a), hepatocyte
growth factor (HGF), and FGF-7: in a loop that controls the developmental
process, TGF-B1 suppresses the effects of these molecular factors (e.g. Car-
doso 2000; Desai and Cardoso 2002). Moreover, BMP-4 (Bellusci et al. 1996b),
transforming growth factor-p1 (TGF-PB1) (Serra and Moses 1995) and Shh
(Bellusci et al. 1996b, 1997), factors produced by the lung epithelial cells, all
inhibit FGF-10 production in the mesenchyme and suppress epithelial cell
growth (Hogan 1999; Lebeche et al. 1999; Cardoso 2000). Upregulation of
these factors in the highly proliferative regions of the lung may stop, slow
down growth, induce quiescence, and promote lung bud maturation.

In addition to the above-mentioned molecular factors and genes, extracel-
lular matrix proteins including collagens, elastin, laminin-isoforms, fibrillins,
and nidogens as well as their receptors including integrins and dystroglycan
are significantly involved in lung development (Durbeej and Ekblom 1997;
Wendel et al. 2000; Coraux et al. 2002; Gloe and Pohl 2002). By modulating
proliferation and/or migration of the epithelial cells in the respiratory buds
and establishing branching focal points, laminin-5 may play multiple roles
during branching morphogenesis (Coraux et al. 2002). Considering the
greater morphological complexity of the avian lung (Chap. 3), it is conceivable
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that more intense dynamics of the molecular and genetic factors are involved
in its fabrication.

Some of the studies that have touched on aspects of the genetic and molec-
ular mechanisms of the development of the avian lung are those by Goldin
and Opperman (1980) and Hacohen et al. (1998) who investigated the stimu-
lation of DNA synthesis in the embryonic chick lung and trachea by the epi-
dermal growth factor (EGF); Chen et al. (1986) examined the expression and
distribution of cell-to-cell adhesion molecules (fibronectin and laminin) on
the embryonic chick lung cells; Muraoka et al. (2000) investigated the expres-
sion of nuclear factor-kappaf} on epithelial growth and branching of the
embryonic chick lung; Stabellini et al. (2001) looked into the roles of
polyamines and transforming growth factor beta-1 (TGF-B1) on branching
morphogenesis during the development of the embryonic chick lung; and,
recently, in the chicken embryo, Sakiyama et al. (2003) investigated the effect
of the Tbx-4-Fgf-10 system on the separation of the lung bud from the
oesophagus. Recent studies by Maina and Madan (2003) and Maina et al.
(2003) have shown that basic fibroblast growth factor-2 (bFGF-2) is widely
expressed in the epithelial and mesenchymal cells of the developing avian
lung from very early stages. Expression and upregulation of the GF in differ-
ent areas of the developing lung appear to regulate the rate of growth, the tra-
jectories followed, the areas appropriated, the three-dimensional symmetry,
and the interconnections between the airways. Expressed and maintained
from very early to late stages of development, implicitly, FGF-2 should play an
important role in the formation and growth of the avian lung.

2.6.2
Fibroblast Growth Factors (FGFs)

FGFs are a family of some 23 gene-encoding proteins, i.e. functional regula-
tors of development (e.g. Gospodarowicz 1991; Cardoso 2000; Ornitz and Itoh
2001). Six FGFs, namely 1, 2, 7, 9, 10, and 18, are expressed in the lung (e.g.
Gonzalez et al. 1990; Fu et al. 1991; Colvin et al. 1999). Four FGF receptors
(FGFRs) are expressed in the lung (Weinstein et al. 1998). Particularly impor-
tant in the development of complex, heterogeneous organs that form by bud-
ding and branching, e.g. lungs (e.g. Cardoso 2001), glands (e.g. Goldin 1980),
kidneys (e.g. Bard 2002), and the tracheal system of insects (e.g. Franch-
Marro and Casanova 2002), FGFs were the first angiogenetic GFs to be
sequenced (Klagsbrun 1989). The GFs are generally produced by the pul-
monary mesenchyme while their receptors are present in the lung epithelium.
However, exceptions are FGF-1 and FGF-2 which are expressed in the fetal
pulmonary epithelium and mesenchyme (Han et al. 1992; Gonzalez et al.
1996). Of the FGFs expressed in the lung, only FGF-10 has been shown to be
utterly necessary for the initiation of lung development (Hyatt et al. 2002).
FGF-1 and FGF-7 induce different patterns of pulmonary growth and devel-
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opment (Cardoso et al. 1997). FGF-2 is a particularly highly conserved GF that
is highly instructive in the growth and development of many different organs
and tissues as well as induction of the mesoderm (e.g. Kessler and Melton
1994; Bikfalvi et al. 1997; Le and Musil 2001). Together with FGF-receptor
(FGF-R), FGF-2 is reported to be involved in the morphogenesis of the mam-
malian (Han et al. 1992) and avian (Maina et al. 2003) embryonic lungs and is
a potent mitogen for type II pneumocytes (Tanswell et al. 1999). The GF has
been associated with compensatory lung growth after damage from exposure
to 95 % oxygen (Jankow et al. 2003). FGF-2 is a rather peculiar GF: although
they display certain vascular and hematological deficiencies, FGF-2 knockout
mice are reported to be morphologically normal (Zhou et al. 1998). In spite of
the fact that it is present in the extracellular matrix (e.g. Vlodavsky et al. 1987),
interestingly, FGF-2 does not appear to have a signaling peptide (e.g. Abraham
et al. 1986). On that basis, questions have been raised whether the GF is
secreted from cells under normal physiological conditions. Investigators like
Park et al. (1998) have mostly attributed the morphogenesis of the airways in
the mammalian lung to FGF-7 and FGF-10: very little of it has been ascribed
to FGF-2.

The diffuse pattern of expression and distribution of FGF-2 in the rat fetal
lung, i.e.localization in the airway epithelial cells, their BL, and the extracellu-
lar matrix (Han et al. 1992), corresponds with that observed in the avian lung
(Maina and Madan 2003; Maina et al. 2003). In the chick embryo lung, the
basic FGF-2 (bFGF-2) is mainly expressed in the epithelial cells and to a lesser
extent in the mesenchymal cells that surround the formative airways (Figs. 35
and 36). In the epithelial cells themselves, bEGF-2 is upregulated in the apical
aspects and in the mesenchymal cells overlying the BL (Fig. 36B-D). A Tbx4-
FGF-10 system is implicated in the inauguration of the chick embryo lung bud
and its separation from the foregut (Sakiyama et al. 2003). In the mouse lung,
a key factor that elicits lung bud induction is activation of FGF signaling in the
foregut endoderm by local expression of FGF-10 in the mesoderm (Bellusci et
al. 1997). FGF-10 is the major driving force for budding during bronchial
bifurcation (e.g. Park et al. 1998): its signaling is mediated by the receptor
FGFR-2IIIB whose expression is maintained in the respiratory epithelium
once lung development starts (e.g. Xu et al. 1998). During branching morpho-
genesis, in a dynamic stereotypical fashion, FGF-10 diffuses from the mes-
enchyme to activate the FGFR-2IIIb in the adjacent epithelium in the distal
lung, initiating a regular pattern of bifurcation (Bellusci et al. 1997). The on-
and-off pattern of expression of FGF-10 in the lung is analogous to that
described during the patterning of Drosophila trachea (Sutherland et al.
1996). In the tracheal system, local expression of branchless (the invertebrate
homologue of FGF) directs tracheal epithelial budding to proper positions
during branching morphogenesis (Metzger and Krasnow 1999). Mechanisms
that prevent diffuse distribution of FGF-10 signals are important in preserv-
ing FGF-10 spatial gradients. In the lungs of Shh- mice where FGF-10 expres-
sion is not focal (as in the wild type), branching morphogenesis is severely
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Fig. 35. Immunocytochemical study of expression of fibroblast growth factor-2 of develop-
ing lung of the domestic fowl, Gallus gallus variant domesticus. A Longitudinal section of
the developing lung showing secondary bronchi (arrows) giving rise to parabronchi (arrow-
heads). MC Mesenchymal cells. Day 5. B Transverse section of the lung showing secondary
bronchi at the periphery of the lung (arrows) and some lying deep in the lung (SB). MC Mes-
enchymal cell stroma. Day 5. C Intrapulmonary primary bronchus (IPB) giving rise to sec-
ondary bronchi (dashed circles). Arrowhead Lumina of the secondary bronchi. Day 5.
D Periphery of the lung showing secondary bronchi (SB) with parabronchi (arrows) bud-
ding from them. MC Mesenchymal cell stroma. Day 7.5. (Maina et al. 2003)

impaired (Pepicelli et al. 1998). FGF-10 knockout mice develop a normal tra-
chea but lungs do not form (Min et al. 1998; Sekine et al. 1999). Unlike FGF-7,
which in the presence of other soluble factors can induce the trachea to trans-
differentiate into distal lung, FGF-10 cannot do so (Shannon et al. 1999). This
indicates that tracheal and lung morphogenesis is coordinated by indepen-
dent events. High levels of FGF-9 have been reported in the mesothelial layer
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Fig. 36A-D. Expression and upregulation of fibroblast growth factor-2 (FGF-2) in the mes-
enchymal cells (MC) and epithelial cells (EC) of the developing lung of the domestic fowl,
Gallus gallus variant domesticus. Arrows Basement lamina; arrowheads FGF-2 upregulated
in the apical parts of the epithelial cells. Day 7. (Maina et al. 2003)

and epithelium of the embryonic gut and lung at day 10.5 (Colvin et al. 1999).
It has been suggested that FGF-9 may diffuse to the mesenchyme to activate
FGFR-1 signaling (Szebenyi and Fallon 1999) and presumably regulate
expression of mesenchymal genes, including FGF-10 (Arman et al. 1999).
Mice deficient in the FGF-9 gene have hypoplastic lungs and thin mes-
enchyme (Colvin et al. 2001). In the rat, deletion of the FGF-18 gene has no
apparent effect on lung development (Liu et al. 2002; Ohbayashi et al. 2002). In
the development of the mammalian lung, FGF-7 is a more potent morphogen
compared to FGF-10 (e.g. Tichelaar et al. 2000) and is expressed very early in
development (Park et al. 1998). Deposition of matrix components has been
observed to generate dichotomous branching (Hilfer 1996; Hogan et al. 1997).
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There is urgent need to find out whether these and other signaling molecules
and genes are expressed in the developing avian lung and if they are to know
the specific roles that they play in its development.

2.6.3
Vascular Endothelial Growth Factor (VEGF)

Airway epithelial cells synthesize VEGF during the development of the lung
and deposit it into the subendothelial matrix while pulmonary endothelial
cells synthesize appropriate receptors (e.g. Acarregui et al. 1999; Miquerol et
al. 1999). Matrix-associated VEGF stimulates endothelial cell differentiation,
migration, and proliferation that results in development of a primitive vascu-
lar plexus in the mesenchyme directly surrounding the airways. These func-
tions are mediated through binding of high-affinity cell receptors and matrix-
binding sites (e.g. Yamaguchi et al. 1993; Soker et al. 1997). By stimulating
neovascularization at the leading edge of branching airways, VEGF synchro-
nizes airway branching with blood vessel formation (Healy et al. 2000). VEGF
is a dimeric, heparin-binding glycoprotein that is an endothelial cell-specific
mitogen capable of inducing cell proliferation and chemotaxis (e.g. Fong et al.
1995; Ferrara et al. 1996; Shalaby et al. 1997; Ferrara 1999). By differential
mRNA splicing, the VEGF gene gives rise to at least five protein isoforms
named VEGF,,,, VEGF, ;, VEGF ¢,, VEGF, 4, and VEGF, that have different
affinities for heparin sulfate as well as for the receptors, VEGFR-1 (flt-1),
VEGEF-2 (flk-1/KDR), and neuropilin-1 (Ferrara et al. 1992; Shima et al. 1996;
Larrivée and Karsan 2000). VEGF,,, does not bind to heparan sulfate and is
freely diffusible; VEGF g is heparin binding and is primarily associated with
the cell surface and extracellular matrix; while VEGF,,, has intermediate
properties (e.g. Park et al. 1993; Ferrara and Davis-Smyth 1997). The existence
of multiple VEGF ligands and receptors suggests specific and probably redun-
dant regulation of vascular development (e.g. Ng et al. 2001; Tomanek et al.
2002). The import of VEGF in vascular development is evidenced by the fact
that mice lacking a single allele of the VEGF gene are embryonic lethal
(Carmeliet et al. 1996; Ferrara et al. 1996). Interestingly, VEGF-stimulated ves-
sel growth cannot be explained solely on the basis of its mitogenic and
chemoattractant effects on endothelial cells (EC). VEGF-deficient embryos
contain vascular EC that fail to form blood vessels (e.g. Carmeliet et al. 1996;
Ferrara et al. 1996): this suggests that VEGF is involved in tubulogenesis. Pro-
duced in the pulmonary epithelium, especially by the type II cells (Maniscalco
et al. 1995), VEGF,,; may mediate assembly and stabilization of the highly
organized vessel networks that come to surround the alveoli.

While their structure might appear simple and the growth by accretion of
cells may seem deceptively easy, normal vascular development is a highly
complex, well-coordinated process that involves physical and chemical stimu-
lators and inhibitors, and multiple gene activity and signaling molecules (e.g.
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Burri and Tarek 1990; Risau 1997; Cleaver and Krieg 1999; Yancopoulous et al.
2000; Gerritsen et al. 2003). The molecular events involved in endothelial cell
alignment into tube-like structures with patent lumens have eluded scientists
for decades (e.g. Taichman et al. 2002; Gerritsen et al. 2003; Tuyl et al. 2004). In
an in vitro three-dimensional gel environment, expression of as many as 1000
different genes is upregulated during endothelial tubulogenesis (Gerritsen et
al. 2003; Alsberg et al. 2004; Tuyl et al. 2004). Although remarkable progress
has been made recently towards understanding the effects and roles of bio-
chemical characteristics of angiogenetic factors, it is becoming quite clear
that the signaling pathways are very intricate and our knowledge of GF inter-
play in angiogenesis is far from lucid. What is certain is that the process of
endothelial differentiation, accretion, and juxtaposition into a network of
cylindrical structures requires a well-integrated program of gene expression
(Pepper 1997; Tomanek and Schatteman 2000; Gerritsen et al. 2003).

Members of the VEGF (Neufeld et al. 1999; Ng et al. 2001; D’Angio and
Maniscalco 2002), angiopoetin, and emprin families (Hall et al. 2002) have
been implicated in the vascularization of the pulmonary system. Other factors
that are involved include local hormones, extracellular matrix elements,
hemodynamic forces (that cause shear stress, stretch, or deformation of
endothelial cells and modification of the BL), hypoxia, hyperoxia, ischemia,
intercellular interactions with the surrounding and supporting mesenchymal
cells, and growth and other molecular factors and their signaling pathways,
and facilitators like the vasodilator nitric oxide (e.g. Madri et al. 1988; Levy et
al. 1996; Stone et al. 1996; Li et al. 1997; Maniscalco et al. 1997; Seko et al. 1999;
Ferrara and Gerber 1999; Nicosia and Villaschi, 1999; Akeson et al. 2000;
Hudlicka and Brown 2000; Agraves et al. 2002). Disturbances in the interac-
tions of the myriad factors and agents result in abnormal vessel formation
(e.g. Auerbach and Auerbach 1997). Extravagant vascular growth may result
in pathological states such as cancer and chronic inflammatory disorders
while paucity of blood vessels may impair processes like atherosclerosis, dia-
betic retinopathy, and wound and burn healing or organ repair. The interac-
tions between endothelial cells and adjacent mesenchymal cells determine
the phenotypic heterogeneity of endothelial cells (e.g. Carmeliet 2000). It has
been suggested that the structure of endothelial cells is specifically suited for
the tissues that blood vessels form in and serve (e.g. LeCouter et al. 2002). If
the premise is correct, vascular growth and development should entail deter-
minate qualitative and quantitative adjustments that produce vital structural
and functional properties. Regardless of developmental stage, location, or
species in which they form, networks of blood vessels formed during vasculo-
genesis share similar geometric properties like mean blood vessel diameters
and avascular space diameters (LaRue et al. 2003).

Mature blood vessels are comprised of endothelial cells and supporting
cells, e.g. pericytes, connective tissue, and smooth muscle cells (e.g. Risau and
Flamme 1995). Blood vessels basically form through two mechanisms: ‘vascu-
logenesis’ involves de novo differentiation of progenitor cells (angioblasts)
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from uncommitted mesoderm and their coherence into endothelial cords
leading to formation of rudiment blood vessels, while ‘angiogenesis’ entails
growth and sprouting of new blood vessels from preexisting ones (e.g. Poole
and Coffin 1989; Risau and Flamme 1995; Risau 1997; Poole et al. 2001). The
patterning of blood vessels is modified by the process of ‘intussusceptive
growth’ that entails formation of endothelial cell pillars that separate blood
vessels (e.g. Caduff et al. 1986; Burri and Tarek 1990; PErez-Aparicio et al.
1996). Both vasculogenesis and angiogenesis require sequential changes of
endothelial cell gene expression and functions to allow cells to proliferate,
migrate and assemble into vascular channels (e.g. Hanahan 1997; Petrova et
al. 1999).

2.6.4
Wnt Genes and Signaling

Wnts are secreted proteins that bind to cell membranes or extracellular
matrix once they are released (e.g. Nusse and Varmus 1992). Based on capac-
ity to mediate cell-to-cell interactions, set cell planar polarity, and determine
fates of cells, Wnt signaling is significantly involved in the patterning of
embryos and in many developmental and pathological processes (e.g. Wodarz
and Nusse 1998; Pfeifer and Polakis 2000; Okubo and Hogan 2004). Receptors
for Wnt proteins, called “Frizzled” (Fzd), are members of a seven transmem-
brane protein family (e.g. Cadigan and Nusse 1997). Wnt-frizzled interactions
activate intracellular pathways and cause P-catenin accumulation or an
increase in intracellular Ca?* concentration. Based on the different intracellu-
lar events that are activated after Wnt-Fzd binding, Wnt signaling has been
divided into the canonical (Wnt/B-catenin pathway) and the noncanonical
pathways (e.g. Dale 1998). The canonical pathway of Wnt signaling is initiated
by the interaction between extracellular Wnt ligands and their receptors,
resulting in stabilization of B-catenin which then interacts with nuclear T-cell
factor/lymphoid enhancer factor (TCF/LEF) and transcription factors to
modulate the activity of target genes (Miller et al. 1999). Less well known, the
noncanonical pathway requires the binding of specific Wnts to specific Fzds
that result in intracytoplasmic release of Ca?* and FAK pathway activation
(Cohen et al. 2002). Not only is B-catenin the key component of the canonical
Wnant signaling pathway, but it is also important in the formation of adhesive
intercellular junctions of endothelial cells that regulate cell function (e.g.
Gory-Faure et al. 1999). Wnt signaling participates in angiogenesis by regulat-
ing endothelial cell growth and function (Cheng et al. 2003).

There are several soluble protein antagonists of Wnt signaling. These
include secreted frizzled related protein (sFRP), Wnt inhibitory factor (WIF)
and Dickkopf (Dkk; e.g. Moon et al. 1997a,b; Hsieh et al. 1999; Fedi et al. 1999).
Associated with regulation of epithelial cell proliferation, Wnt signaling has
been localized in the lungs of developing mice (Okubo and Hogan 2004). By in
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situ hybridization, Ishikawa et al. (2001) found that Frz5 mRNA was expressed
in the yolk sac, eye, and lung bud during mouse embryogenesis. A number of
Wnt ligands and receptors, e.g. -catenin, Tcf1, Tcf4, and Lefl, are expressed in
the endoderm and distal epithelium of the developing lung (Tebar et al. 2001).
For example, Wnt7b is transcribed in the distal endoderm during branching
morphogenesis while Wnt2 is expressed in the adjacent mesoderm (Weiden-
feld et al. 2002). Transcription factors of the TCF/LEF family are expressed in
the developing lung, both in the endoderm and mesoderm (Tebar et al. 2001).
Conditional deletion of the B-catenin component of the Wnt-signaling path-
way has indicated an unequivocal role for Wnt signaling in mouse lung endo-
derm development (Okubo and Hogan 2004). In the avian lung, our prelimi-
nary observations (Maina and Macharia, unpubl.) show that between stages
26 and 30 of embryogenesis (Hamburger and Hamilton 1951), Wnt2,4,and 7a
are expressed but Wnt 6 is not. The expression mainly occurs on the distal
(leading=growing) tips of the lung buds (Fig. 37). The Wnts appear to be
localized at different time points, with expression apparently ceasing at stage
30. This may mark a turning point between complete organogenesis and start
of local expansion of the target cells.



3
Qualitative Morphology

The avian lung exhibits a special architecture
and upon our understanding of this architec-
ture will depend our conception of its physiol-
ogy.Locy and Larsell (1916a)

3.1
General Observations

Few organs have attracted and sustained as much fascination and interest as
the avian respiratory apparatus, the lung-air sac system, and yet remained as
stubbornly inexplicable. Hans-Reiner Duncker (1974) pointed out that “the
avian respiratory tract has been investigated by scientists as long as they have
been studying comparative anatomy” while Donald Farner (1970) remarked
that “historically, the avian respiratory system is highly ranked among the con-
troversial organ-systems”. After the unremitting study of the functional mor-
phology of the avian respiratory system for at least the last four centuries (e.g.
Coitier 1573), Peter Scheid (1990) conceded that “we have then to admit that
we cannot decide whether the lung structure of birds has evolved out of func-
tional needs or simply out of structural constraints with no significance for the
higher efficiency”. Taking into account the elementary tools used and the less
explicative techniques applied, studies by many of the early investigators are
impressive for their meticulous attention to details and interpretative skills.
Appropriately calling the nineteenth century avian morphologists “astute
scholars”, Berger (1960) stated that “any thorough anatomical study (of birds)
must begin with a careful analysis of their papers”. We must, however, add that
it is important that the works now be corroborated and subjected to modern
research methods. Where equivocal, the conclusion(s) must be revised or
rejected. For instance, the one time intuitively appealing hypothesis that
‘anatomical (sphincters) valves’ directed the air flow in the avian lung (e.g.
Dotterweich 1930; Vos 1934) is now totally unsustainable. Based on new phys-
iological and morphological findings (e.g. Banzett et al. 1987,1991; Wang et al.
1988; Maina and Africa 2000; Maina and Nathaniel 2001), a new insight has
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emerged: among other structural features, syringeal constriction, bronchial
size and geometry, and presence of a segmentum accelerans (SA), may gener-
ate inspiratory aerodynamic valving (IAV), means by which air is accelerated
downstream of the extrapulmonary primary bronchus (EPPB) past the open-
ings of the medioventral secondary bronchi (MVSB) into the intrapulmonary
primary bronchus (IPPB; Sect. 3.11). For want of brevity here, only the main
structural features and functional concepts of the avian lung will be high-
lighted. A comprehensive review of the structure and function of the lung-air
sac system of birds was given in Seller (1987), King and McLelland (1989) and
Maina (1996, 2002a): further details can be found there.

3.2
Lung

In certain aspects that bear strongly on its function, the structure of the avian
respiratory system is exceptional: the lung is practically rigid and inflexible;
unlike the mammalian lung that is tidally (bidirectionally=in-and-out) venti-
lated, the exchange tissue (ET) of the avian lung, specifically the paleopul-
monic parabronchi (PPPR; Sect. 3.7), is ventilated unidirectionally and con-
tinuously by synchronized action of the air sacs (ASs); the gas exchanger (the
lung) has been totally disengaged from the ventilator (the air sacs); compres-
sion of the avian lung does not cause significant collapse of the ACs (Macklem
et al. 1979); and capacious and transparent, the ASs are totally avascular and
play no direct role in gas exchange (e.g. Magnussen et al. 1976). Although
deeply marked by the vertebral ribs on the dorsolateral part, i.e. the costal and
vertebral surfaces (Fig. 38), in complete contrast to the mammalian lung, the
avian lung is never divided into lobes (Fig. 39). From about one-fifth to one-
third of the volume of the avian lung is contained between the ribs (e.g. King
and Molony 1971). In the more derived birds, where the neopulmonic
parabronchi (NPPR) are well developed (Sect. 3.6), the avian lungs are small
and fairly wedge-shaped. Such lungs essentially have three surfaces: the dor-
solateral surface that contacts the ribs, i.e. the thoracic wall, and is called the
costal surface; the dorsomedial surface that contacts the vertebrae and is
called the vertebral surface; and the ventromedial surface that is in contact
with the tissue of the horizontal septum and is termed the septal surface. Scat-
tered on the septal surface are ostia, openings that connect the bronchi, i.e. PB,
SB,and PR, to the ASs (Figs. 40 and 41). With the lungs displaced to the dorsal
part of the coelomic cavity (where they are firmly attached to the vertebral
ribs; Figs. 38 and 39) and a diaphragm lacking, the liver rather than the lungs,
as is the case in mammals, surrounds the heart. In most species of birds, the
lungs extend cranially to about the level of the first cervical rib while they ter-
minate caudally near the cranial border of the ilium.

Pertaining to certain general design features that may be purely coinciden-
tal or evolutionary (e.g. Perry 1992), the avian respiratory system, the lung-air
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Fig. 38A,B. Latex cast preparations of the lung and the air sacs of the domestic fowl, Gallus
gallus variant domesticus. Tr Trachea; L lungs; arrows costal sulci; circles ostia; 1 cervical air
sac; 2 interclavicular air sac; 3 craniothoracic air sac; 4 caudothoracic air sac; 5 abdominal
air sac. Scale bars 1 cm. (A from Maina 2002 c; B from Maina and Africa 2000)

sac system, resembles the reptilian one (Fig. 42): an anterior compartmented
space in which most gas exchange occurs (analogous to the avian lung) and a
distended, smooth posterior part (analogous to the ASs of the avian respira-
tory system) occur (e.g. Maina 1989a; Maina et al. 1999). The African
chameleon has some saccular extensions of the lung that branch out into the
abdominal cavity (e.g. Patt and Patt 1969; Maina 1998). The high level of gas-
exchange efficiency of the avian lung largely arises from the structural
uniqueness of the PR and the pattern and relative directions of flow of air and
blood, features that form the basis of the cross-current and counter-current
gas-exchange systems (Sect. 3.9). Albeit the remarkable specific diversity in
the avian taxon, amazingly, the basic structure of the respiratory system in
birds is similar. Differences in fine details, particularly regarding the extent of
development of the PR, the arrangement of the SB, and the location, connec-
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Fig. 39A,B. Medial and dorsal views of the lungs of the domestic fowl, Gallus gallus variant
domesticus, and the ostrich, Struthio camelus. Arrows Costal sulcae; Tr trachea; Sx location
of the syrinx; dashed encircled area hilus; EPPB extrapulmonary primary bronchus. Scale
bars A, 1 cm; B, 2 cm. (A from Maina 2002a; B from Maina and Nathaniel 2001)
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Fig. 40. A Medial view of the lung of the domestic fowl, Gallus gallus variant domesticus,
showing air-conducting passages that include the medioventral secondary bronchi
(MVSB), lateroventral secondary bronchi (LVSB), paleopulmonic parabronchi (PPPR) and
neopulmonic parabronchi (NPPR). Arrow Ostium. Scale bar 1 cm. B The avian lung drawn
as transparent to show the airways. mv Medioventral secondary bronchi; md mediodorsal
secondary bronchi; Iv lateroventral secondary bronchi; p parabronchi; r costal sulci; AbO
abdominal ostium; CathO caudal thoracic ostium; Prb primary bronchus; ICrthO cranial
thoracis ostium; IclO interclavicular ostium. (A from Maina 2002 ¢; B from King and McLel-
land 1989, redrawn with permission from the publisher)
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Fig. 41. Ventral view of a cast of the lung and air sacs of the domestic fowl, Gallus gallus
variant domesticus, showing trachea (Tr), syrinx (S), cervical air sac (CeAs), extrapul-
monary primary bronchus (EPPB), interclavicular air sac (ICAS),lung (L), primary bromchi
(Pr), craniothoracic air sac (CrTAS),abdominal air sac (AAS), oblique septum (dashed line),
and horizontal septum (arrows). Scale bar 1 cm. (Maina and Africa 2000)



3.2 Lung

71

Fig. 42. Schematic
diagrams of the lung
of the monitor lizard,
Varanus exanthemati-
cus (A),and a mallard
duck, Cairina
moschata (B), showing
the similarities
between the designs
of the reptilian and
avian respiratory sys-
tems. (Reproduced
from Duncker 1979b)

Fig. 43A,B. Medial and lateral views of the lung of the ostrich, Struthio camelus, showing
medioventral secondary bronchi (MVSB), mediodorasal secondary bronchi (MDSB), pul-
monary artery (PA), and pulmonary vein (PV). Arrows Costal sulci. Dashed area (A) Pri-
mary bronchus. Scale bars 1 cm. (Maina and Nathaniel 2001)
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tion, number of ASs, however, do occur. While the differences may be of some
phylogenetic importance, most of them are of little, if any, functional conse-
quence.

3.3
Airway (Bronchial) System

3.3.1
Primary Bronchus (PB)

The airway (bronchial) system of the avian lung comprises of a three-tiered
system of air conduits. The IPPB gives rise to four sets of SB as it transits the
lung proximal-distally (Figs. 40 and 43). The architecture of the bronchial sys-

Fig. 45A,B. Dif-
ferent views of
the epithelial
lining of the
primary
bronchus of the
domestic fowl,
Gallus gallus
variant domesti-
cus, showing
conspicuous
folding (arrows)
and presence of
ciliated epithe-
lial cells.

(A from Maina
and Africa
2000)
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tem in the avian lung fundamentally differs from that in the mammalian lung.
Unlike in the BRLu where the airway system forms by invariant dichotomous
bifurcation, in the avian lung, a continuous bronchial system forms by sprout-
ing of the SB from the IPPB (Figs. 7 and 8).1In a hoop-like arrangement, the PR
interconnect the SB, establishing continuity of the bronchial system. While the
so-called respiratory tree or bronchioalveolar tree of the mammalian lung is
blind-ended (Fig. 21), with alveoli forming terminal ‘grapefruit-like’ arrange-
ments (Fig. 44), in the avian lung the ACs are essentially continuous anasto-
mosing air conduits (Sect. 3.4).

After piercing the horizontal septum, the EPPB enters the lung at the hilus,
a site near the junction of the cranial and middle thirds of the lung (Fig. 39).
There, it relates to the pulmonary artery (PA) and vein (PV; Fig. 43A). The
IPPB passes through the lung in a rather curved manner (Figs. 40B). In tran-
sit, it changes in cross-sectional area (e.g. King 1966). The airway terminates
on the caudal margin of the lung by entering the abdominal air sac (AAS).

Fig. 46A,B. Epithelium
lining the primary
bronchus of the domes-
tic fowl, Gallus gallus
variant domesticus (Ep),
showing ciliated cells
(arrows). Gl Subepithe-
lial gland; BV blood ves-
sel; CT connective tissue.
Scale bars 10 pm
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Supported by cartilaginous plates, the IPPB is lined by a pseudostratified sim-
ple columnar epithelium with characteristic longitudinal folds that support
ciliated cells and mucous-secreting goblet cells (Figs. 45 and 46).

3.3.2
Secondary Bronchi (SB)

The four sets of SB that occur in the avian lung are named according to the
area of the lung that they supply with air. In many species, typically four in
number, the MVSB arise from the dorsomedial wall of the cranial third of the

Fig. 47A,B. Casts of the primary airways of the ostrich lung, Struthio camelus, showing the
origins of the medioventral secondary bronchi (MVSB), laterodorsal secondary bronchi
(LDSB), mediodorsal secondary bronchi (MDSB), and laterodorsal secondary bronchi
(LVSB) arising from the primary bronchus (dashed line). PR Parabronchi. Scale bars 1 cm.
(Maina and Nathaniel 2001)
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IPPB (Figs. 40, 43, 47, and 48). The mediodorsal secondary bronchi (MDSB),
the lateroventral secondary bronchi (LVSB), and the laterodorsal secondary
bronchi (LDSB) originate from the caudal two-thirds of the IPPB (Figs. 40,
43B, 47 and 48B). Seven to ten in number and decreasing in size craniocau-
dally,the MDSB arise in a line from the dorsal circumferential wall of the IPPB

Fig. 48. Close-up (A) and cast (B) of the hilus region of the lung of the ostrich, Struthio
camelus, showing parabronchi (arrows), medioventral secondary bronchi (MVSB), pul-
monary vein (PV), pulmonary artery (PA), intrapulmonary primary bronchus (IPPB), and
laterodorsal secondary bronchi (LDSD). Scale bars 1 cm. (Maina and Nathaniel 2001)
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(Fig. 47). The LVSB are highly variable in number and size and originate in a
row from the IPPB at the same craniocaudal extent as the MDSB, but from the
ventral surface (Figs. 40B and 47), i.e. directly opposite the openings of the
MDSB. The LDSB arise from the same craniocaudal extent of the IPPB as the
MDSB and the LDSB but from the lateral wall of the IPPB (Fig. 47A). Numer-
ous and generally small in size, the LDSB resemble PR in structure. Unlike the
other groups of SB that arise in a line, the LDSB have a scattered origin and
among SB are the most highly variable in number and size.

The larger SB have a constricted origin and, relative to the course of the
IPPB, are angulated (Fig. 49). For a short distance from the IPPB, the SB are
lined by an epithelium similar to that which lines the IPPB (Figs. 45 and 46).
Mucus glands are, however, lacking in the epithelium that lines the rest of the

Fig. 49. Openings and
angulations of a
mediodorsal sec-
ondary bronchus (A)
and a mediodorsal
secondary bronchus
(B) in the domestic
fowl, Gallus gallus
variant domesticus.
The continuous arrow
shows the secondary
bronchus while the
dashed arrow shows
the primary bronchus.
(A from Maina and
Nathaniel 2001)
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SB (Duncker 1971). While in the mammalian lung diametric and histological
transition from a bronchus to a smaller order airway occurs gradually, in the
avian lung the changes between a SB and a PR may be rather abrupt (del Cor-
ral 1995). With much of it consisting of cuboidal (sometimes ciliated) and
squamous cells, the epithelium lining some sections of the SB is histologically
similar to that of the PR.

3.3.3
Parabronchi (Tertiary Bronchi) (PR)

A short distance from their origin, the SB give rise to PR. In cross-section, the
PR are rather hexagonal in shape (Figs. 50 and 51). In the lungs of some
species, e.g. the domestic fowl, the PR are separated by a band of connective
tissue, the interparabronchial septa (IPRS; Figs. 50B, 51B and 52A,B) while in

Fig. 50A,B. Parabronchi
(P) of the lung of the
domestic fowl, Gallus gal-
lus variant domesticus,
surrounded by exchange
tissue (E). Arrows Inter-
parabronchial septa; V
blood vessel. Scale bars B
100 pm. (A from Maina
2003b; B from Maina
1994)




3.3 Airway (Bronchial) System 79

others, e.g. the house sparrow, Passer domesticus (Fig. 51A), and the ostrich,
Struthio camelus (Fig.53),IPRS are lacking. The extents of development of the
IPRS vary greatly between different species of birds (Duncker 1971). In the
lungs of seven orders of birds examined by Maina et al. (1982a), IPRS were
completely lacking in the passeriform, columbiform, cuculiform, and psittaci-
form species; absent or very thin in anseriform; and well developed in
charadriiform and galliform species. In the lungs of weak flyers and flightless
species, e.g. penguins and galliform species, the PR are typically wide in diam-
eter, have prominent atria, thin gas-exchange mantle relative to the PRL, and

Fig. 51A,B. Lungs of the house sparrow, Passer domesticus, and the domestic fowl, Gallus
gallus variant domesticus, showing parabronchial lumina surrounded by exchange tissue
(ET). Arrows Interparabronchial blood vessels; PB primary bronchus; SB secondary
bronchus; BV, blood vessel. Note that interparabronchial septa are lacking in A. Scale bars
100 pm
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Fig. 52. A Lung of the domestic fowl, Gallus gallus variant domesticus, showing stacks of
parabronchi (PR) anastomosing along their lengths (arrows) (Maina 1988). B Mediodorsal
and medioventral secondary bronchi (arrows) anastomosing on the dorsal vertebral surface
of the lung through hoop-like arranged parabronchi (arrows). Scale bars A,2 mm; B, 1 mm

thin-to-thick IPRS. In contrast, in the lungs of small, strong fliers, the PR have
a small diameter, the proportion of ET is greater, and the IPRS are thin or
absent. The smallest PR and the greatest proportion of ET occur in the lungs
of the psittaciform and passeriform species (Duncker 1971; Maina et al.
1982a).
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In the lungs of the avian species where IPRS occur, IPRBVs are located at
the middle of adjacent PR (Figs. 50B and 51B). In those lungs where IPRS are
lacking, the IPRBV's mark the extents of the gas ET mantles of adjacent PR
(Figs. 50B and 51). The PR anatomose profusely (Fig. 52). The MVSB and the
MDSB are coupled by hoop-like oriented PR that on the whole form the pale-
opulmonary part of the lung (Fig. 52B): the neopulmonary section is formed
by the PR that connect the LDSB, LVSB, and the caudal ASs (Duncker 1971;
Sect. 3.6). Visible on the vertebral surface of the lung, the planum anastomot-
ica marks the site where PPPR connect the MVSB and MDSB (Fig. 52B).

334
Atria, Infundubulae, and Air Capillaries (ACs)

The walls of the PR and those of sizeable lengths of the SB are formed by a
gas-exchange mantle (Figs. 50, 51 and 53A,B). Blood vessels mark the
periphery of individual PR (Fig. 53C). The thickness of the mantle ranges
from 200-500 pm in different species (Duncker 1974, 1979a). Circumferen-
tially, the PRL are perforated by many openings that lead into fairly spheri-
cal compartments, the atria (Fig. 53A,B,D). The atria are delineated by bun-
dles of connective tissue, the interatrial septa (Figs. 53B,D and 54). In the
pigeon, Columba livia, and the gull, Anas platyrhynchus, the atria measure
from 60-100%120-130 um in diameter (West et al. 1977). In small species of
birds that are characteristically good fliers, atria are shallower (e.g. Duncker
1974; Maina et al. 1982a). Three to eight funnel-shaped ducts, the infindibu-
lae (Figs. 53D, 55, 56 and 57A), project from the atrium. The infundibulae
open into ACs (Figs. 57B, 58 and 59). In Columba and Anas, the infundibulae
have a diameter of 25-40 um and extend into the ET for a depth of about
100-150 pm (West et al. 1977). The ACs anatomose with each other profusely
(Figs. 57B, 58 and 59). In contrast to the dead-ending alveoli that form the
terminal parts of the airway system of the mammalian lung, anatomosing
profusely, strictly, the ACs do not form cul-de-sacs (Figs. 58 and 59). The ACs
and BCs constitute about 90 % of the volume of the ET mantle (e.g. Maina et
al. 1982a) and intertwine intimately.

Historically, the terms ‘air capillary’ and ‘blood capillary’ were derived from
observation that the ET of the avian lung mainly consisted of a network of
minute air and vascular units (Huxley 1882; Schulze 1908). Our recent study
by three-dimensional computer reconstruction of serial sections (Woodward
and Maina 2005; Fig. 60) has shown that the entrenched notion that the ACs
are straight (nonbranching), blind-ending tubules that project outwards from
the PRL and the BCs direct tubules that run inwards parallel to and in contact
with the ACs to be is overly simplistic, misleading, and totally incorrect. The
ACs are rather rotund structures that interconnect directly or via short, nar-
row passageways (Figs. 60F and 61A) while the blood capillaries (BCs) com-
prise of diffusely coupled segments of rather constant dimensions (Fig. 61B).
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Fig. 54A,B. Lung of the ostrich, Struthio camelus, showing parabronchial lumina (PL),
exchange tissue (E) and an interparabronchial blood vessel (IPBV) giving rise to an intra-
parabronchial blood vessel (arrows). Circle Atrial muscle. Scale bars 100 pm. (Maina and
Nathaniel 2001)
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Fig. 55A,B. Casts of the lung of the domestic fowl, Gallus gallus variant domesticus, show-
ing parabronchi (PR) with the atria (Af) separated by interatrial septa (arrows). Scale bars A
100 pm; B 10 pm
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Fig. 56A,B. Casts of the lung of the domestic fowl, Gallus gallus variant domesticus, show-
ing atria separated by interarial septa (arrows). Infundibula and air capillaries of different
atria anastomose profusely. AC Air capillaries. Scale bars A 100 um; B 2 um. (A from Maina
1994; B from Maina 1998)
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Fig. 57A,B. Casts of the lung of the domestic fowl, Gallus gallus variant domesticus, show-
ing close-ups of anastomosing air capillaries (AC) of different atria (P). Separated by inter-
atrial septa (AS), the atria (AT) give rise to infundibula (If) that in turn generate air capillar-
ies. Arrows Areas occupied by the blood capillaries. Scale bars 5 pm. (A from Maina 1988)
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Fig. 58. A Lung of the domestic fowl, Gallus gallus variant domesticus, showing air capillar-
ies (AC) and blood capillaries containing erythrocytes (Er). Arrow An area where air capil-
laries lie adjacent to each other. B Close-up of a cast of the lung of the domestic fowl, Gallus
gallus variant domesticus, showing air capillaries (AC) anastomosing profusely. Arrows
Blood capillaries. Scale bars A 20 um; B 2 pm. (A from Maina 1982a; B Maina 2002b)
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Fig. 59A,B. Casts of blood capillaries (BC) and air capillaries (AC) of the lung of the domes-
tic fowl, Gallus gallus variant domesticus. Scale bars 5 um. (Maina 1982a)
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Fig. 60. A Toluidine blue stained section of the lung of the Muscovy duck, Cairina
moschata, showing the area (to the right of the dashed line) on which three-dimensional
reconstruction was performed. B Shaded airway components (blue) and vascular units
(red). C Reconstruction of the airway (blue) and the vascular (red) systems. D Isolated air-
way system. E Isolated vascular system. In A-E, the individual units are labeled in single let-
ters and same symbols to show the same units (for ease of comparison). If Infundibulum; At
atrium; PL parabronchial lumen; AV atrial vein. F Close-up of three-dimensional recon-
struction of the air capillaries. AC Air capillaries; If infundibulum; stars connections
between air capillaries. Scale bar 10 pm. (Woodward and Maina 2005)



90 3 Qualitative Morphology

Fig. 61. A, B Schematic views of the air capillaries and blood capillaries. The air capillaries
(A) are rotund structures that connect through narrow passages while the blood capillaries
are formed by short segments of tubes that interconnect in three dimensions (B). C, D Most
air capillaries connect (C) while few are discrete (D). Scale bars 10 pm. (Woodward and
Maina 2005)
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Fig. 62. A Lung of the domestic fowl, Gallus gallus variant domesticus, showing an arteriole
(Ar) giving rise to blood capillaries (Bc). The spaces between the blood capillaries consti-
tute the air capillaries (Ac). B Air capillaries (Ac) and blood capillaries (Bc) forming a net-
work. Er Erythrocytes; arrows areas where air capillaries lie adjacent to each other; En
endothelial cells. Scale bars A 50 um; B 10 pm. (A from Maina 1994; B from Maina 2002b)
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Fig. 63. Close-up of the BGB of the blackheaded gull, Larus ridibundus, showing an ery-
throcyte (Er) lying in the blood capillary; plasma layer (PI), endothelial cell (Ec), and an
epithelial cell overlying the extracellular matrix space (arrow). Vc Micropinocytotic vesi-
cles. Scale bar 0.5 pm. (Maina 1998)

The ACs and BCs are not mirror images, as has been suggested by some inves-
tigators (Fig. 60C-E): a certain degree of redundancy exists. Interestingly, iso-
lated ACs, that did not differ in size and shape from the connected ones, were
identified by Woodward and Maina (2005; Fig. 60C,D). The mechanism
through which isolated ACs form and their functional significance, if any, are
currently unclear.

The diameters of the ACs range from 3 um in the songbirds, through 10 pm
in penguins (Spheniscidae), swans (Anatidae), the coot, Fulica atra (Duncker
1972), to 20 pm in the ostrich, Struthio camelus (Maina and Nathaniel 2001).
Compared with the BCs that anastomose more regularly the ACs vary greatly
in size, are larger in diameter, and anastomose more irregularly (Fig. 62). The
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Fig. 64. A Lung of the domestic fowl, Gallus gallus variant domesticus, showing blood cap-
illaries (BC) containing erythrocytes (Er) suspended in air capillaries (AC). En Endothe-
lium; arrow site where AC lie next to each other. B Exposure of blood to air in the exchange
tissue of the lung of the blackheaded gull, Larus ridibundus. AC Air capillaries; BC blood
capillaries; En endothelium; Ep epithelium; Er erythrocyte; arrow thin parts of the BGB.
Scale bars A 10 um; B 5 pm. (A from Abdalla et al. 1982; B from Maina and King 1982a)
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Fig. 65. Surface of the respiratory surface of the domestic fowl, Gallus gallus variant domes-
ticus, showing the perikaryon of a type 1 epithelial cell (arrow) giving rise to peripherally
extremely attenuated parts (dashed circle) that overlie the blood capillaries (BC). Er Ery-
throcytes; Nu nucleus; AC air capillaries. Scale bar 1 pm

BCs and ACs intertwine to form a network where blood is optimally exposed
to air across a thin, sporadically attenuated blood-gas barrier (BGB; Figs. 63
and 64). The type II (granular) pneumocytes are lacking in the ET of the avian
lung: the cells are confined to the atria and infundibulae. On the whole devoid
of organelles, the type I (squamous) pneumocytes have extremely thin cyto-
plasmic flanges. The perikarya (of the type I cells) that occur in the ET are
located at the corners of the BCs and ACs (Fig. 65), i.e. away from the BGB
itself. This enhances gas exchange across a thin barrier.
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34
Blood-Gas Barrier (BGB)

In its thinnest parts, the BGB is formed by an endothelial cell that fronts the
pulmonary BCs, an intermediate extracellular matrix layer or BL, and an
epithelial cell that faces air (Fig. 63). In the avian lung, the typically three-ply
(laminated) design of the BGB is well formed at hatching (Chap. 2.5). The
endothelial cell contains numerous micropinocytotic vesicles and particu-
larly displays marked sporadic attenuation (Fig. 64), while the epithelial cell is
extremely thin and has few discernable organelles. The BL is well developed
and is always associated with the endothelial cell (Fig. 34). In areas where ACs
lie adjacent to each other, a BL is lacking: in such cases, epithelial cells contact
directly, back-to-back. The epithelium is covered by an osmiophilic surface
layer, the surfactant (e.g. Maina and King 1982a).

The endothelium, the BL, and the epithelium comprise about 67, 21, and
12% of the volume of the BGB, respectively (Maina and King 1982a). The
remarkable thinness of the BGB in the avian lung (e.g. Maina 1989b; Maina et
al. 1989a) arises from lack of an interstitial space between the individual basal
laminae of the epithelial and endothelial cells: connective tissue and cellular
elements are lost early in development (Figs. 32-34). When and where they
rarely occur, such components are shifted to nonrespiratory sites (Fig. 65).
The sporadic thinning of the BGB (Figs. 63 and 64) should generate extreme
thinness, while mechanical integrity is guaranteed by the thicker parts: a thin
BGB offers less resistance to diffusion of respiratory gases.

3.5
Surfactant

Contrary to early assertions by, e.g. Miller and Bondurant (1961), it is now
incontrovertible that surfactant occurs on the respiratory surface of the avian
lung (e.g. Pattle 1978; del Corral 1995; Figs. 60-62). The composition and con-
centration of the surfactant per unit respiratory surface are comparable to
that in the mammalian lung (e.g. Fujiwara et al. 1970). Two forms of surfac-
tant, namely the lamellated osmiophilic bodies (LOBs) and trilaminar sub-
stance (TLS), occur on the respiratory surface of the avian lung. The LOBs
resemble those of other vertebrates and are discharged from the type II
epithelial cells of the atria by merocrine secretion (e.g. Akester 1970), while
the TLS is unique to birds. In the developing lung, the LOBs appear before the
TLS. Biochemically, compared with the LOB, the TLS has a low lipid-to-pro-
tein ratio, is more abundant, the laminae display wider spacing, and it does
not dissolve during tissue processing for electron microscopy (e.g. Pattle
1978). TLS is found mainly in the lumina and cells of the atria and lasts on the
surface of the ACs for only up to 2 weeks after hatching (e.g. Jones and Radnor
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1972a,b; Pattle 1978). Interestingly, in some instances, LOBs and TLS occur in
the same epithelial cell (e.g. Pattle 1978).

It is generally thought that,in the avian lung, LOBs represent the archetypal
surfactant and may be involved in lowering surface tension at the gas-liquid
interface and hence respiratory impedance. The role of the surfactant in the
rigid, noncompliant avian lung, where stabilization of the terminal gas-
exchange units (ACs) during ventilatory activity should be unwarranted, is
rather paradoxical. Fedde (1980) suggested that the surfactant may be a fea-
ture that has been brought over during the evolution of the avian lung from
the reptilian one and may be involved in prevention of transudation of plasma
onto the respiratory surface rather than in reduction of surface tension. Addi-
tionally, the TLS may be associated with roles such as coagulation of blood
that may leak through the BGB, hydration of the surfactant, and absorption of
fluid that may collect on the surface of the ACs (Pattle 1978).

Compared with the rather spherical alveoli of the mammalian lung
(Fig. 44B,C), earlier reported to be tubular in shape and blind-ended, the ACs
are interconnected, rather spherical, respiratory units (Woodward and Maina
2005; Figs. 60F and 61A). The diameter of the ACs ranges from 3-20 pm, val-
ues that are on average about one-tenth those of the alveoli of the mammalian
lungs (Tenney and Tenney 1970; Duncker 1971, 1974; Maina 1982a; Maina and
Nathaniel 2001). The smallest alveoli of the mammalian lung of 35 pm diam-
eter have been reported in the shrew (Tenney and Remmers 1963). Owing to
their relatively small sizes, the surface tension in the ACs should be very high.
Lacking connective tissue support (Maina and King 1982a), the ACs are inex-
plicably very stable: mechanical compression of the lung does not cause them
to collapse significantly (Macklem et al. 1979); the exceptional stability of the
ACs was associated with the presence of the TLS, though interestingly very lit-
tle of it occurs on the respiratory surface of the mature lung. The stability of
the ACs may, however, largely be a consequence of the general rigidity of the
avian lung and its firm attachment to the ribs, rather than an intrinsic struc-
tural property of the ACs themselves.

3.6
Air Sacs (ASs)

3.6.1
Topographical and Structural Morphology

The ASs are capacious, transparent structures that connect to the avian lung
(Fig. 38). In the chick embryo, six pairs of primordial ASs initially develop
(e.g. Romanoff 1960; Chap. 2.3; Fig. 22). In most species, however, the final
number of ASs ends up being less than this. During their development, except
for the AASs that pass through the postpulmonary septum into the peritoneal
cavity, all the other ASs invade the septum, dividing it into horizontal and
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oblique septa (Duncker 1978). The locations, sizes, connections, and divertic-
ulae (expansions) of the ASs vary between species (e.g. King 1966; Duncker
1971). Commonly, the CeASs are small, paired structures that lie on the cran-
iodorsal part of the thoracic cavity and the base of the neck, pneumatizing
(aerating) the cervical vertebrae, the thoracic vertebrae, and the vertebral ribs
(Duncker 1971): the ASs are missing in the loons (Gaviidae) and the grebes
(Podicipedidae). In the turkey, Meleagris gallopavo, connection between the
left and right CeASs occurs on day 17 of incubation (King and Atherton 1970).
In some species, e.g. the gannet, Morus bassanus, and the ostrich, Struthio
camelus, the CeASs form extensive subcutaneous diverticulae (e.g. Bezuiden-
hout et al. 2000).

In most birds, the CIAS is relatively large, unpaired, and is formed by fusion
of right and left primordia. It occupies the cranioventral area of the thorax,
the base of the neck, and most of the right and left axillary space. In birds like
gulls (Laridae), the primordia remain separated (e.g. Locy and Larsell
1916a,b) while, in some species such as the pigeon, Columba livia (Miiller
1908), and in the house sparrow, Passer domesticus (Wetherbee 1951), the
CIAS and CeAS connect to form a single, large cervicoclavicular AS. In passer-
iform species and Trochilidae, the CIAS connects to the CrTAS (Wetherbee
1951; Duncker 1971). In such cases, the esophagus, trachea, syrinx, and the PB
are located on the dorsal aspect of the AS. The topographical relationship
between the CIAS (a compliant structure that fills with air and empties with
ventilation; Fig. 41) and the syrinx, the organ of phonation in birds (e.g. King
1989), is thought to modulate vocalization (e.g. Brackenbury 1989). Several
diverticulae extend from the CIAS to the heart, to the surface of the body, and
to adjacent bones, e.g. sternum, coracoid, and ribs.

The CrTASs and the CaTASs are paired. They are located in the subpul-
monary cavity, i.e. in the space ventral to the lung and the horizontal septum.
In general, the CrTASs are smaller than the CaTASs. However, in some species,
e.g. Fulica atra, the CrTAS is much larger (Duncker 1971), while, in others, e.g.
Gallinula chloropus, the two sets of ASs are comparable in size (Groebbels
1932). The CrTASs are remarkably small in penguins (Spheniscidae) and
passeriforms, while, in the hummingbirds (Trochlidae), the CaTAS is the
largest AS (Stanislaus 1937). In the turkey, Meleagris, the CaTAS is lacking
(King and Atherton 1970). In general, the CrTASs and the CaTAS have few, if
any, diverticulae (King 1966, 1979).

The AAS is a paired structure that occupies the intestinal peritoneal cavity.
It normally lies dorsal to the viscera. In the kiwi (Apterygidae), the AS is
located in the subpulmonary cavity (Duncker 1979a). Owing to the asymme-
try of the viscera, the left AAS is normally smaller than the right one. How-
ever, in some species such as the common loon, Gavia immer, and the herring
gull, Larus argentatus, the left AS is larger (e.g. Gier 1952). To different extents,
the left and right AASs connect and in some species communicate directly
(Duncker 1971). While particularly large in some species, e.g. Phoenicopterus
(Groebbels 1932), AASs are poorly developed in birds like penguins and the
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rhea (Duncker 1971), and are exceptionally small in the hummingbirds
(Trochilidae; Groebbels 1932; Stanislaus 1937). The AASs pneumatize the syn-
sacrum, pelvic girdle, femur, and caudal vertebrae (King 1975, 1979) and, in
some species, e.g. the pigeon, Columba, lie subcutaneously above the pelvis
(Miiller 1908).

3.6.2
Ostia

The ASs connect to the lungs at sites called ostia (Figs. 38 and 66). Two kinds
of connections, direct and indirect, occur. Direct connection exists when the
ASs are joined to the lung by PB and/or SB while indirect ones are formed
when PR connect the ASs to the lung. Most of the ASs have one or two direct
connections and numerous indirect ones. Indirect connections are lacking in
penguins (Spheniscidae; Vos 1937). With a single ostium that is located on the

CaTAS

Fig. 66. Schematic diagram of the lung-air sac system of birds showing the primary
bronchus (PB) running through the lung. In transit, it gives rise to medioventral secondary
bronchi (MVSB), and mediodorsal secondary bronchi (MDSB). The secondary bronchi are
connected by different groups of parabronchi, namely the paleopulmonic parabronchi
(PPPB) and neopulmonic parabronchi (NPPB). Arrows Ostia; AAS abdominal air sac;
CaTAS caudal thoracic air sac; CrTAS craniothoracic air sac; CIAS clavicular air sac; CeAs
cervical air sac. (Redrawn from Duncker 1974, with permission from the publisher)
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septal surface of the lung, in the domestic fowl the CeAS has a direct connec-
tion that arises from the first MDSB: indirect connections are lacking (Biggs
and King 1957). The CIAS has two ostia: the medial ostium is connected
directly to the third MDSB while the lateral one is directly connected to the
first MDSB. Indirect connection occurs between the PR of the MVSB and the
CIAS. A lateral ostium is lacking in the lungs of hummingbirds (trochlids;
Stanislaus 1937). Inexplicably, in columbiform and psittaciform species, the
CIAS is reported to have no connection with the lung (Juillet 1912). The
CrTASs are commonly associated with two ostia: the medial ostium is con-
nected directly to the third MDSB while the lateral ostium is indirectly con-
nected through PR of one or more MDSB. In the hummingbirds, the CrTASs
are indirectly connected to the lung (Stanislaus 1937). In many species, the
CrTAS has a single ostium situated at or near the caudal part of the costal sep-
tal border of the lung: direct and indirect connections exist. In species such as
penguins (Spheniscidae) where neopulmo (Sect. 3.6) is lacking, indirect con-
nections to the CaTASs do not exist. The AASs have a single ostium in the lat-
eral part of the caudal border of the lung (Fig. 41) that has both direct and
indirect connections: the direct connection projects to the PB while the indi-
rect ones comprise of the PR of the LDSB, LVSB, and the last MDSB. In the
hummingbirds, only a single indirect connection to the ASSs occurs (Stanis-
laus 1937).

3.6.3
Cytoarchitecture of the Wall of Air Sacs

The wall of the ASs consists mainly of a simple epithelium supported on a thin
layer of connective tissue (e.g. Walsh and McLelland 1974). The epithelium con-
sists of squamous cells but, near the ostia, ciliated cuboidal and columnar cells
occur (e.g. Fletcher 1980). In the domestic fowl, pseudostratified, ciliated
columnar epithelium with goblet cells extends as abroad band from the PB into
the AAS (Cook and King 1970). On the surface of the CaTAS, Cook et al. (1987)
observed a pseudostratified, ciliated, cuboidal-to-columnar epithelium. In
penguins, the epithelium of the ASs is generally tall, almost cuboidal. The
epithelial cells are joined by junctional complexes at the luminal aspect and lat-
erally by interdigitation. Microvilli project into the luminal space and electron-
dense lysosome-like granules occur in the cytoplasm (e.g. Carlson and Beggs
1973; Walsh and McLelland 1974). Scanty muscle cells and clusters of fat cells
have been reported in the walls of the ASs of some species of birds (e.g. Fletcher
1980). According to Trampel and Fletcher (1980), the smooth muscle tissue in
the wall of the ASs is an extension of the layer that surrounds the PRL.

The ASs are characteristically avascular (e.g. Fletcher 1980) and play no sig-
nificant role in gas exchange (e.g. Magnussen et al. 1976). Adrenergic and
cholinergic nerve plexuses have been described in their walls (e.g. Rawal 1976;
Cook et al. 1987). In the wall of the ASs of the domestic fowl, Cook et al. (1987)
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showed VIP-, substance P-, somatostatin- and enkephalin-immunoreactive
fibers.

3.7
Paleopulmo and Neopulmo

Hans Reiner Duncker (1971) was first person to point out that the structure of
the avian lung was far from homogenous: it consisted of two distinguishable
anatomical and functional parts. Based on what he envisaged to be their
chronological appearance during the evolution of the avian lung, he named
the parts paleopulmo (ancient=old lung) and neopulmo (modern=new lung).
The paleopulmo occurs in the lungs of all birds while the neopulmo is totally
lacking in some birds, especially the ancient (primitive) species, while in oth-
ers it develops to varying extents. While the rationale of categorizing the avian
lung into paleo- and neopulmonic sections is still tenuous (Lépez 1995), the
change in the perception of the structure of the avian lung meaningfully con-
tributed to better understanding of certain aspects of its physiology. Previ-
ously, it was difficult to reconcile the lower concentration of CO, in the
inspired air with the higher one in the caudal ASs. The explanation is that
while much of the inspired air passes through the IPPB en route to the caudal
ASs (direct connection; Sect. 3.6.2), in those birds that have it, some of the air
flows through the ET of the NPPR (indirect connection; Fig. 66) collecting
CO, (e.g. Piiper 1978). In birds where the neopulmo is lacking or is poorly
developed, the MDSB occur superficially. In such cases, the SB are easily acces-
sible from the costal surface of the lung for physiological studies, e.g. of air
flow and gas composition.

The main structural and functional differences between the PPPR and the
NPPR of the avian lung are: (1) the PPPR are located on the craniodorsal part
of the lung while the NPPR are placed caudoventrally (Figs. 20C and 40A); (2)
the PPPR occur in the lungs of all species while the NNPR are totally lacking
in some species and where well developed may constitute as much as one-
third of the volume of the lung; (3) the PPPR are arranged as hoop-like stacks
that connect the MVSB and MDSB (Figs. 40 and 52B), while the NPPR anasto-
mose intensely; (4) the air flow in the PPPR is caudocranial, i.e. from the
MDSB to the MVSB and is continuous and unidirectional while that in the
NPPR is tidal (=bidirectional), i.e. towards the caudal ASs during inspiration
and in the reverse direction, i.e. into the MDSB during expiration; and (5)
embryologically, the PPPR form earlier than the NPPR (Romanoff 1960;
Maina 2003a,b). The term ‘planum anastomoticum’ describes the area where
the PPPR connect the MVSB to the MDSB (Fig. 52B), while the dense network
formed by the anastomoses of the NPPR is termed ‘pulmo reteformis’ (e.g.
Duncker 1971; King 1979; Lpez 1995).

The degree of development of the PPPR and NPPR differs between lungs of
different species (Duncker 1971): NPPR are poorly developed in birds like
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stocks (Ciconiidae) and the emu, Dromaius novaehollandiae, where they are
formed by only a few LDSB arising from the most caudal part of the PB, their
laterally directed PR, and the connections of the PR with the CaTASs and the
AASs. The increase in size, number, and the dorsocranial extension of the
NPPR imparts the curvature that the PB shows as it transits the lung (Figs. 40B
and 47B). In the cormorants (Phalacrocoracidae) and the auks (Alcidae), the
neopulmo includes the LVSB and their laterally directed PR. In the cranes
(Gruidae), the LDSB that arise from the caudal part of the PB are superim-
posed onto the NPPR, displacing the PB into the interior of the lung. In
plovers (Charadriiformes), ducks (Anatidae), gulls (Laridae), owls (Strigi-
dae), buzzards (Accipitridae), and parrots (Psittacidae), the NPPR contain lat-
erally directed PR that originate from the proximal parts of the MDSB. In the
pigeons (Columbidae), galliform species, and passerine birds, the NPPR and
the PPPR interconnect. In the galliform species and passerine species, where
the NPPR are very well developed, the diameter of the terminal part of the PB
is smaller than that of a single PR.

Except for the topographical locations, sizes, and arrangements, there are
no significant differences in the detailed morphology and morphometry of
the structure of the ET in the PPPR and NPPR regions of the lung (Maina
1982b; Maina et al. 1983): the thickness of the BGB and the length densities of
the BCs are similar. The bidirectionally (tidally) ventilated NPPR may serve as
a reservoir, averting excessive flushing out of CO, from the ET. This may avert
occurrence of respiratory alkalosis (e.g. Jones 1982), a physiological complica-
tion that soon befalls thermal stressed, panting birds with excessive CO,
washout in the undirectionally ventilated PPPR. The ostrich, Struthio
camelus, pants ceaselessly for as long as 8 h without experiencing acid-base
imbalance (e.g. Schmidt-Nielsen et al. 1969). Interestingly, in the duck lung,
the NPPR are well ventilated, even at rest (Holle et al. 1977). Without thorough
experimental substantiation, Duncker (1972) suggested that, where well
developed, the NPPR may form the main or exclusive site for gas exchange
during rest while the PPPR may only become significantly involved during
exercise. Inverse correlation was reported between the development of the PB
and that of the NPPR (Duncker 1971): since NPPR provide an alternative
pathway for air flow en route to the caudal AASs, the reduced volume of air
flowing through the PB may allow it to become narrower.

3.8
Pulmonary Vasculature

The organization of the avian pulmonary vasculature (PV) has been investi-
gated by various investigators (e.g. Radu and Radu 1971; Abdalla and King
1975,1976a,b, 1977; West et al. 1977; Maina 1982a, 1988). Abdalla (1989) gave a
detailed review of the distribution of the PA and PV in the lung of the domes-
tic fowl. Unlike in the mammalian lung where the patterning of the arterial
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system follows that of the airways (Maina and van Gils 2001; Fig. 21), in the
avian lung the PA and PV do not track each other closely, nor do they follow
the bronchial system. The PA enters the lung at the hilus ventral to the first
MVSB (Fig. 43A) and then divides into four main branches. The accessory
branch of the PA (ABPA) is the smallest: the branch is reportedly missing in a
number of species, e.g. the guinea fowl, Numida melleagris, the turkey, Melea-
gris gallopavo, and muskovy duck, Cairina moschata (Abdalla and King 1977).
The ABPA supplies blood to a small area of the lung ventral to the hilus. The
cranial branch of the PA (CBPA) runs both dorsally and caudally in a plane
more or less parallel to and lateral to the origins of the MVSB supplying blood
to the craniodorsal section of the lung, i.e. cranial to the third costal sulcus.
The caudomedial branch of the PA (CMBPA) supplies blood to much of the
substance of the lung. Given its direct origin, the branch is the most likely con-
tinuation of the PA. The caudolateral branch of the PA (CLBPA) supplies
blood to the caudolateral, ventral, and caudoventral parts of the lung.

The blood supply to the avian lung can more-or-less be divided into two
regions: the cranial area is supplied by the CBPA and the ABPA while the cau-
dal one is supplied by the CMBPA and CLBPA. No anastomoses occur between
the four branches of the PA and their terminal branches (Abdalla and King
1976a,b). The four main branches of the PA give rise to first order branches,
the interparabronchial arteries (IPRBArs; Figs. 67 and 68) that in turn give

parabronchial lumen

atrial muscle

exchange tissue

NI L /Y
i nl i { e |
e - intraparabronchial venuie
f Sy - interparabronchial vein

-t - interparabronchial artery
atrium 5

~—— intraparabronchial arteriole

Fig. 67. Schematic diagram of a parabronchus showing its various component parts and
the geometric relationships between the air flow and the blood flow. (Maina 2002 c)
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Fig. 68. Double latex cast preparation (i.e. injection of latex rubber into the airway and vas-
cular systems) of the lung of the domestic fowl, Gallus gallus variant domesticus, showing
the cross-current (A) and counter-current designs. A Interparabronchial arteries (I) giving
rise to intraparabronchial arteries that interact with the air flow in the parabronchial
lumina (arrows) in a perpendicular manner. Scale bar 0.5 mm. B Intraparabronchial arter-
ies (P) give rise to blood capillaties (C) that run in an opposite direction to that of the air
capillaries that emanate from infundibulae. IS Interatrial septum. Scale bar 50 um. (Maina
1988)
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rise to a series of smaller intraparabronchial arterioles (IPRBAos) that pene-
trate the ETs of the PR. The BCs arise from the IPRBAos and intertwine with
the ACs that emanate from the infundibulae (Sects. 3.8 and 3.9).

3.9
Arrangement of the Structural Components for Gas Exchange

The arrangement of the IPRBArs and the IPRBAos relative to the orientation
of the PR (Figs. 67 and 68) determines how deoxygenated blood is delivered
and exposed to air in the ET. The trajectories between the bulk air flow in the
PRL and that of the venous blood (from the IPRBArs) are essentially perpen-
dicular. Moving centripetally (i.e. inwards), blood of uniform composition in
0, content is delivered practically at the same time to all parts of the ET of the
PR. Blood thus equilibrates with flowing air of varying composition along the
length of the PR as O, is extracted and CO, added to the parabronchial gas. At
the entrance of the PPPR, i.e. the caudal ends (=the sides facing the MDSB),
blood is exposed to air with high PO, while the reverse is true at the opposite
end. The concentration of O, in the arterial blood, i.e. the quantity in blood
returning to the heart via the PV, arises from pooling of small amounts of O,
extracted sequentially at infinitely many points along the length of the PR
where ACs and BCs contact (Figs. 67 and 68). The design is termed ‘multicap-
illary serial arterialization system’ (MCSAS). The MCSAS extends the time
over which the gas-exchange media (air and blood) are presented and
exposed to each other. With the process occurring in unidirectionally and
continuously ventilated parabronchial ET, transfer of O, and CO, is greatly
enhanced. In the domestic fowl, the entire length of the PR, i.e. if all the PR in
the lung are connected end-to-end, is about 300 m (King and Molony 1971).
Under certain conditions, e.g. hypoxia and exercise, the PCO, in the arterial
blood (PaCO,) is lower than that in the end-expired air (PECO,; e.g. Powell
and Scheid 1989): the opposite condition may apply for O,, i.e. PaO, exceeds
PEO,.

The perpendicular disposition between the direction of the flow of the
deoxygenated blood from the IPRBArs into the IPRBAos and then into the
BCs relative to that of the bulk air flow in the PRL (Figs. 67-69) is termed
‘cross-current design’. Morphologically (e.g. Abdalla and King 1975; West et

-
’

Fig. 69. A Double latex cast injection of the lung of the domestic fowl, Gallus gallus variant
domesticus, showing parabronchi studded with atria. Interparabronchial blood vessels (I)
give rise to intraparabronchial vessels (that supply blood to the parabronchi, P). The arrow
shows the flow of air in the parabronchial lumen. The disposition between the flow of air
and that of the blood in the intraparabronchial arteries is perpendicular, i.e. cross-current.
Circles Areas where blood capillaries run in opposite directions to form a counter-current
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arrangement; T atria. Scale bar 50 um. B Intraparabronchial blood vessels (P) giving rise to
a blood capillary network (C) that interfaces with the air capillaries arising from the
parabronchial lumina through atria (T) and infundibulae. IS Interatrial septa; arrow air
flow; circles interaction between air capillaries and blood capillaries. Scale bars A 50 um; B
20 pm. (Maina 1988)
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al. 1977; Maina 1988) and physiologically (e.g. Scheid et al. 1972), the arrange-
ment has been unequivocally substantiated. Only of historical interest now,
from the well-known respiratory efficiency of the avian lung, ‘counter-cur-
rent’ arrangement of the structural components was assumed to occur in the
avian lung (e.g. Schmidt-Nielsen 1971). Through an elegant experiment where
the direction of the flow of the parabronchial air in a duck lung was reversed,
Scheid and Piiper (1972) demonstrated that the PCO, and PO, in the exhaled
air as well as in the arterial and mixed venous blood did not change signifi-
cantly. If a ‘counter-current’ arrangement predominated in the avian lung, the
procedure would have generated ‘co-current’ flow, i.e. at the gas-exchange
level, air and blood would have flowed in the same general direction. In such
a case, inadequate P would have been created and flux of respiratory gases
would have been drastically diminished. In a ‘cross-current’ design with an
inbuilt MCSAS, however, reversal of the direction of air flow (or for that mat-
ter that of blood - a technically more difficult experimental procedure) only
alters the order in which capillary blood is arterialized: the overall gas-
exchange efficiency, i.e. the quantity of O, and CO, exchanged, should not be
significantly affected. Interestingly, in the avian lung, superimposed on the
‘cross-current’ design is a ‘counter-current’ one. The latter is formed by the
centripetal (inward) flow of deoxygenated blood from the IPRBArs, IPRBAos
and BCs and the centrifugal (=radial=outward) one of air from the PRL into
the atria, the infundibula, and the ACs (Fig. 68 and 69). The role of the
‘counter-current’ arrangement to the overall gas-exchange process in the
avian lung is reportedly inconsequential. Disparaging its functional signifi-
cance, Piiper and Scheid (1973) dismissed it a “counter-current-like mecha-
nism” while Scheid (1979) considered it as “an auxiliary mechanism super-
posed on, and independent of, the basic cross-current arrangement between the
capillary blood flow and the bulk parabronchial gas flow”. Based on the funda-
mental fact that convective flow occurs in the BCs and diffusion in the ACs,
the arrangement cannot by strict definition constitute a true counter-current
design. Structural and geometric properties of the ACs and BCs may further
explain why the ‘counter-current’ arrangement in the avian lung may be of lit-
tle functional impact: the ACs and the BCs intertwine closely in three dimen-
sions (Figs. 58 and 59) and, as they network, they truly contact over very short
distances. Such sites may fall well below the critical distances that are neces-
sary for efficient gas exchange in a ‘counter-current’ system.

After blood is oxygenated in the BCs of the ET of the avian lung, it ulti-
mately drains into the PV through an intricate venous pathway that includes
atrial veins, intraparabronchial venules, and interparabronchial veins
(IPRVs). The IPRVs and their branches do not follow the IPRArs nor do they
pattern the bifurcation of the airways (Abdalla 1989): ETs of adjacent PR may
drain into a single IPRV. Arteriovenous anastomoses do not occur between
the PA and PV and their terminal branches (e.g. Abdalla and King 1975;
1976a,b; James et al. 1976; West et al. 1977; Holle et al. 1978; Parry and Yates
1979).



3.10 Cellular Defenses of the Lung 107

3.10
Cellular Defenses of the Lung

While the biology of the alveolar macrophages (AMs) of the mammalian lung
has been well studied (e.g. Bowden 1987), relatively little is known about the
surface (free) avian pulmonary macrophanges (SAPMs). Utterly divergent
observations exist regarding the cellular defense strategies, mechanisms, and
efficacies in the avian lung. Toth et al. (1988) asserted that “the paucity of the
free macrophages in the avian respiratory system suggests a deficiency in the
defense system of the respiratory tract of poultry against bacteria,
mycoplasma, fungi, and viruses, all of which are major causes of pneumonitis
and air sacculitis”. Stearns et al. (1987) remarked that “one striking aspect of
the avian gas exchange tissue region, in contrast to mammals, was our inabil-
ity to find any surface macrophages”. Klika et al. (1996) declared that “in the
most peripheral parts of the lung, i.e., the atria, infundibula and ACs, no free
macrophages can be observed at either the light or electron microscopic level”.
Lorz and Lépez (1997) stated that “the avian respiratory macrophages are
always located in the subepithelial connective tissue and they have never been
observed on the luminal face of atrial or parabronchial epithelia, as occurs in
the mammalian alveoli”. Klika et al. (1996) maintained that the interstitial
macrophages “do not migrate from the subepithelial tissue compartment to the
airway surfaces”. Comparing the lungs of city and country pigeons, Lorz and
Lépez (1997) noted that “subepithelial macrophages were rare or absent in the
country birds”.

Practical and technical reasons may partly explain the above perplexing
conflicting reports. Some of these are: (1) since very small pieces of tissue are
routinely sampled, processed, and viewed for electron microscopy and few
cells are scattered over a vast surface, chances of the cells being missed are
high, and (2) the cells may detach from the respiratory surface during the
lengthy, caustic process of tissue processing for electron microscopy. With a
scanning electron microscope, Maina and Cowley (1998) observed SAPMs on
the atrial and infundibular regions of the lung of the pigeon, Columba livia
(Figs.70 and 71A). The SAPMs described by Ficken et al. (1986) in the domes-
tic fowl are ultrastructurally similar to those in the pigeon, Columba (Maina
and Cowley 1998; Fig. 71B,C), and do not significantly differ from the mam-
malian ones (e.g. Bowden 1987).

It is now widely recognized that the cellular elements of the mononuclear
phagocytic system originate from the bone marrow (e.g. van Furth 1982).
After necessary structural, pharmacological, and biochemical modifications
(e.g. Chandler and Brannen 1990), the cells leave the circulatory system and
ultimately settle in the body tissues where they form the so-called resident tis-
sue macrophages (e.g. Lasser 1983). In a healthy mammalian lung, it is
believed that the AM is the final stage of a complex developmental process in
the maturation process of the blood monocyte, with the interstitial
macrophage possibly being a transitory stage (e.g. Chandler et al. 1988). Inter-
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Fig. 70. A Lung of the domestic fowl, Gallus gallus variant domesticus, showing an
infundibulum (If) and particulate matter (arrows). Er Erythrocytes. B Macrophages (Mc) on
the surface of an infundibulum. Arrows Filopodia extending from the perikarya (Nu). Scale
bars A 30 um; B 50 pm. (Maina and Cowley 1998)
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Fig. 72. Lung of the rock dove, Columba livia, showing blood vessels (BV) exposed to
infundibulae (If). Er Erythrocytes; IC interstitial cells; arrow pulmonary intravascular
macrophage. Scale bar 15 pm. (Maina and Cowley 1998)
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estingly, some pulmonary phagocytes do not leave the pulmonary vascula-
ture, i.e. they do not pass through the BGB to lie on the respiratory surface
where they express full inventory of the functional properties of a completely
differentiated macrophage (e.g. Betram et al. 1989). The unique subpopula-
tion of pulmonary vascular resident macrophages that adhere to the endothe-
lial cell is called ‘pulmonary intravascular macrophages’ (PIVMs). The cells
widely occur in the mammalian lung (e.g. Dehring and Wismar 1989; Atwal et
al. 1992) and have been reported in the avian lung (Maina and Cowley 1998;
Fig. 72). Another kind of macrophage, the ‘pulmonary subepithelial (intersti-
tial) macrophage’ (PSEM), leaves the vasculature to reside in the subepithelial
space. Chandler et al. (1988) observed remarkable morphological and func-
tional heterogeneity of the PSEMs, properties that they attributed to differ-
ences in stages of development and sites of origin. Quantitatively, little is
known about the PIVMs and PSEMs.

Whereas in mammals AMs are easily and abundantly harvested from the
lung by pulmonary lavage, the method is not as effective in the avian lung.
This is fundamentally due to the greater architectural complexity of the avian
respiratory system. From difficulties of harvesting cells for experimentation,
many investigators (e.g. Kodama et al. 1976) extrapolated observations made
on avian blood monocytes, splenic macrophages, and peritoneal exudate
macrophages to respiratory macrophages. Microscopic studies of lungs
exposed to respirable insoluble particulate matter (e.g. Klika et al. 1996;
Scheuermann et al. 1997) have yielded important data on the mechanisms of
avian pulmonary defense. In fact, investigators like Hazelhoff (1951) mean-
ingfully applied deposition of particulate matter (carbon particles) to investi-
gate the pattern of air flow in the avian lung. The technique has more recently
been used to understand disease distribution patterns in the lung (e.g.
Fletcher 1980).

Different investigators, e.g. Klika et al. (1996) and Spira (1996), have
remarked on a very high predisposition of birds to pulmonary diseases. In the
poultry industry, huge economical losses have been ascribed to mortalities
arising from respiratory infections (e.g. Mensah and Brain 1982; Toth et al.
1988). Small numbers of SAPMs on the respiratory surface of the avian lung
(e.g. Stearns et al. 1986; Maina and Cowley 1998; Nganpiep and Maina 2002)
and enzymatic deficiencies in their oxidative metabolism (e.g. Penniall and
Spitznagel 1975; Bellavite et al. 1977) have been reported. A number of mor-
phological and physiological reasons may predispose the PRL to infections
and afflictions. The most important ones are: (1) compared with mammals,
for animals of similar body mass, birds have a BGB that is 56-67 % thinner
and a RSA that is 15% more extensive (Maina 1989b; Maina et al. 1989a;
Chaps. 4.3 and 4.4), parameters that make the lung highly vulnerable to
pathogens; (2) having a large tidal volume and the PPPR being ventilated con-
tinuously and unidirectionally (e.g. Fedde 1980), the propensity of entrance
and deposition of harmful particles and microorganisms onto the respiratory
surface is high; (3) in some species of birds, e.g. the ostrich, Struthio camelus,
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the ASs extend out to lie subcutaneously (e.g. Bezuidenhout et al. 2000) where,
arising from trauma and infection, air sacculitis (infection of the ASs) can
easily diffuse and affect the lungs.

In small mammals, e.g. mouse, rat, and guinea pig, yields of 0.55-1.55x10°,
2.86-4.43x10%, and 1.08-1.77x107 of AMs, respectively, have been estimated
after pulmonary lavage. Some of the values are 20 times greater than those
encountered on the respiratory systems of much larger birds (e.g. Holt 1979;
Toth and Siegel 1986). The average number of SAPMs in the pigeon, Columba
livia, lung is 1.6x10° (Maina and Cowley 1998), a value lower than that of
2.5x10° in the domestic fowl (Toth and Siegel 1986; Toth et al. 1987) and in the
turkey (1.15x10% Ficken et al. 1986). The number of SAPMs per unit body
mass in the rat was significantly greater than that of the domestic fowl and the
duck, Cairina moschata (Nganpiep and Maina 2002; Fig. 73). In 30-year-old
humans, 1.5x107 and 5.2x107 AMs were harvested by bronchopulmonary
lavage from the lungs of a nonsmoker and a smoker, respectively (Hof et al.
1990). The recovery rate of the lavaged fluid after aspiration was 80-90 % in
the domestic fowl (Toth and Siegel 1986), that in the rock dove was 72 %
(Maina and Cowley 1998), and in the duck and the domestic fowl the values
were 89 and 91 %, respectively (Nganpiep and Maina 2002). The recovery
value of 74 % achieved for the human nonsmoker’s lung by gravity (Hof et al.
1990) compares with the 72 % value reported by aspiration in the pigeon lung
(Maina and Cowley 1998). Owing to the complexity of the respiratory system,

Cells per gram Body Mass

Domestic Rat Duck
fowl

Fig. 73. Comparison of numbers of surface pulmonary macrophages per unit body mass in
the domestic fowl, Gallus gallus variant domesticus, rat, Rattus rattus, and duck, Cairina
moschata. (Nganpiep and Maina 2002)
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in birds, very little of the lavage fluid can be recovered by gravity and total
recovery of the fluid by aspiration is practically impossible.

For comparative interest, no surface resident macrophages occur in a non-
challenged lung of the snake, Boa constrictor (Grant et al. 1981). The animal’s
low MR and ventilatory rate may explain the lack of macrophages: unphagocy-
tosed materials persisted on the respiratory surface for up to 4 days. Challenge
of the snake lung with inspirable particles increases surfactant secretion, elic-
its surfacing of nonphagocytic eosinophilic granulocytes, but interestingly
does not set off release of mononuclear phagocytic macrophages (Grant et al.
1981). Surface macrophages occur in the lung of the tree frog, Chiromatis
petersi (Maina 1989 c). Welsch (1983) activated a macrophagic response in the
lungs of Xenopus laevis after aspiration of carbon particles.

Stearns et al. (1987) pointed out that two factors may explain the dearth of
SAPMs in the avian lung. These include: (1) the extremely ‘long’ distances the
cells would have to travel to convey the ingested particles to the ciliated parts
of the lung for onward transport by mucociliary escalator system to the SB,
PB, trachea, and larynx for final clearance: in the avian lung, only the trachea,
the PB, and the initial sections of the SB are ciliated (e.g. Lépez 1995; Pastor
and Calvo 1995), and (2) the particularly narrow diameters of the ACs
(3-20 pm; e.g. Duncker 1974; Maina and Nathaniel 2001) may not be sizeable
enough to accommodate large, motile, phagocytic cells. Mensah and Brain
(1982) reported removal of inhaled insoluble technetium from the lungs of
birds but the actual mode of transfer at the PR level was not clarified. The
entrapped particles may not necessarily be eliminated through the airway
mucocilliary escalator system: in the domestic fowl, the ingested particles are
first trapped by the TLS from where they are moved into the epithelial cells
and subsequently to the basal aspects of the underlying PSEMs (Stearns et al.
1987). There, particles may be solubilized in situ or phagocytosed by the
PIVMs (e.g. Lippmann and Schlesinger 1984).

Regarding the alleged defense incapability of the avian lung and the
paucity of SAPMs, a number of scenarios are conceivable. These are: (1) a
weak front-line defense may exist on the respiratory surface; (2) in addition
to SAPMs, other defense line(s) may exist; and (3) SAPMs may be so efficient
that few cells are needed to grant adequate protection. Based on the exis-
tence of a diversified defense armamentarium that includes PIVMs, PSEMs,
phagocytic bronchial epithelial cells (Maina and Cowley 1998; Nganpiep and
Maina 2002; Figs. 71D and 74A-F), and SAPMs abundantly endowed with
lysosomes (Nganpiep and Maina 2002), the first scenario appears untenable.
Regarding the second circumstance, Toth et al. (1988) noted substantial
increases of SAPMs of polymorphonuclear leukocyte type (by three orders
of magnitude) within 24 h after intratracheal administration of live, apatho-
genic Pasteurella multocida vaccine to chickens. Similarly, in the domestic
fowl and duck, Nganpiep and Maina (2002) observed a substantial flux of
macrophages onto the respiratory surface after only 2.5 min of lavage
(Fig. 75). Capacity to mobilize and quickly transfer phagocytic cells to the
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Fig. 74. A-F Fluorescence microscopy of the bronchial epithelial cells and surface
macrophages (stained with lysotracker) of the lung of the domestic fowl, Gallus gallus vari-
ant domesticus. Lysozymal bodies are highly concentrated at the apical aspects of the
epithelial cells (A-F) and the surface macrophages (G-M) are well endowed with lytic
enzymes. Scale bars 5 pm. (Nganpiep and Maina 2002)

respiratory surface may explain why a large resident population of SAPMS
may be lacking.

The deduction that birds have a weak pulmonary defense capacity has been
largely based on observations made on domestic and captive species, espe-
cially the domestic fowl. Domesticated from the wild jungle fowl, Gallus gal-
lus, of Southeast Asia some 8000 years ago (e.g. West and Zhou 1988), through
intense genetic breeding, some 40 different breeds of birds of commercial
value have been produced. While in the late 1940s broilers took about 90 days
to grow to a slaughter body mass of 1.8 kg, in 1960, it took 70 days for a table
bird to reach a similar live weight, and, in the 1980s, it took only 40 days
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(Smith 1985; Gyles 1989). Presently, broilers reach a body mass of 2.5 kg in less
than 40 days (e.g. Ross Breeders 1999). Arising from genetic breeding and bet-
ter husbandry, much of the weight gain occurs during the first 2 weeks
posthatching (Ricklefs 1985). Directed (forced) growth and productivity
without giving the supporting structures time to ‘catch up’ (i.e. adjust) has
inescapably precipitated structural-functional disequilibria. The chickens
(particularly males), e.g., are incapable of reaching VO, .. on treadmill exer-
cise (e.g. Brackenbury 1984). Growth rate, productivity, and functional perfor-
mance appear to have reached a limit in the domestic fowl (e.g. Konarzewski
et al. 2000). Similar conclusions were independently reached by, e.g. Mason et
al. (1983) and Jones (1998) on the performance of the horse, one more animal
that has been phenotypically intensely bred for running speed and high aero-
bic capacity over several thousand years. Data collected by Jones (1998) indi-
cate that the performance of the respiratory system of the thoroughbreds has
been optimized: the winning times of the most elite British and American
thoroughbreds over the past 70-150 years leveled out over the last two
decades. More than 40-80% of thoroughbred horses are reported to come
down with exercise-induced pulmonary hemorrhage during high intensity
exercise (e.g. West et al. 1993).In the domestic birds, mortality of up to 10 % of
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Fig. 75. Flux of macrophages to the surface of the lungs in the domestic fowl, Gallus gallus
variant domesticus, rat, Rattus rattus, and duck, Cairina moschata, after lavages. (Nganpiep
and Maina 2002)
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flocks arises from metabolic diseases such as heart failure syndrome (e.g.
Julian et al. 1984; Schlosberg et al. 1996; Silversides et al. 1997) and aortic rup-
ture (e.g. Carlson 1960). Worldwide increase of incidence in ascites has been
reported in young broilers (Julian and Wilson 1986; Maxwell et al. 1986a,b;
Julian 1987). The syndrome has been associated with right ventricular hyper-
trophy (e.g. Julian et al. 1984; Julian and Wilson 1986; Huchzermeyer and de
Ruyk 1986). Village free-ranging chickens that are not exposed to intense hus-
bandry are not prone to ascites (e.g. Pizarro et al. 1970). In battery chicken
production, the birds are kept in crowded spaces and placed on a strict feed-
ing regimen that may include force-feeding. Under such conditions, stress
may alone predispose birds to diseases, particularly those transmitted
through aerosol.

In summary, contrary to observations made by some investigators, the
lung-air sac system of birds seems to possess adequate defense capacity.
Experimentally introduced bacteria are cleared within 24-48 h (Nagaraja et
al. 1984) and injection of a suspension of incomplete Freund’s adjuvant into
the AASs (Ficken et al. 1986), intratracheal inoculation of heat-killed
Escherichia coli (Toth et al. 1987), and exposure to live, apathogenic Pas-
teurella multocida vaccine (Toth et al. 1988) cause large production of SAPMs.
Radioactive technetium particles exposed to conscious chickens are cleared
from the lungs to the intestines within 1 h of exposure (Mensah and Brain
1982). Chickens with a high number of SPMs do not show any signs of respi-
ratory disease (Toth et al. 1988). The respiratory surface of the avian lung has
evolved various defense properties and strategies that include: (1) phagocytic
epithelial cell lining of the atria and infundibula (Figs. 70 and 53D), and (2)
epithelial cells abundantly endowed with lysosomes (Nganpiep and Maina
2002; Figs. 71D and 74A-F).

3.11
Control of Air Flow

Gas exchangers develop either by means of evagination or invagination (e.g.
Maina 1998; 2002a,b): the former process entails growth away from a particu-
lar site of the surface of the body and the latter development into it. Normally
called gills, those respiratory organs that form by evagination are the more
ancient ones and are designed for water-breathing. The invaginated respira-
tory organs are the more derived category of gas exchangers: termed lungs,
they evolved for air-breathing. Well adapted for water conservation, invagi-
nated respiratory organs were a prerequisite for transition from water to land
(e.g. Maina 1998). With a ‘dead-ended’ airway system, invaginated gas
exchangers can only be ventilated tidally while the evaginated ones can be
ventilated continuously unidirectionally. The avian lung is exceptional: itself
an invaginated respiratory organ, tidal ventilation and through-flow (i.e. con-
tinuous unidirectional) ventilation occur. The first process entails mass
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movement of air in-and-out of the respiratory system and the second one
back-to-front flow of air through the PPPR. The ‘dual’ ventilation of the avian
respiratory system has been allowed by its complex morphology: the gas
exchanger (the lung) has been totally uncoupled from the ventilator (the ASs);
the air conduits, i.e. the PB, SB, and PR, are continuous and the PPPR are
arranged in parallel to the PB (Figs. 40B and 66). The ASs are connected to the
lung at various points called ostia (Fig. 38; Sect. 3.5.2). Functionally divided
into a cranial group that comprises of the CeAS, CIAS and CrTAS, and a cau-
dal group that consists of CaTAS and AAS (Figs. 38 and 66), the lung is venti-
lated in a bellow-like manner, back-to-front (e.g. Fedde 1980).

Owing to the complexity of the avian lung, many pathways for intrapul-
monary air flow are theoretically possible: the actual route followed by the
inspired air cannot be discerned by simple physical examination of the respira-
tory system. It takes two inspiratory and two expiratory cycles for a given vol-
ume of inspired air to move across the lung-air sac system. Inspired air flows
through the IPPB (mesobronchus) into the caudal ASs, completely bypassing
the openings of the MVSB. Banzett et al. (1987, 1991) and Wang et al. (1988)
termed the mechanism by which the air is shunted past the openings ‘inspira-
tory aerodynamic valving’ (IAV). In fluid flow mechanics, the geometry and
size of a conduit determines the dynamics of flow. To ascertain patency, the
EPPB is supported by cartilages. In the majority of birds, the cartilages are C-
shaped, with the body of each cartilage lying in the medial wall. However, in
some species, e.g.in many ducks (Anatidae; Duncker 1971), the cartilages may
almost encircle the EPPB while, in hummingbirds (Hirundinidae), they com-
pletely surround it (Warner 1972). As the EPPB enters the lung (at the hilus) to
form the IPPB, the cartilages become shorter and are initially located more
dorsally and subsequently medially (King 1966; Duncker 1971).

Early investigators, e.g. Dotterweich (1934) and Vos (1934), envisaged that
mechanical/anatomical sphincters (valves) opened and closed in phase with
the respiratory cycle, directing air flow in the lung-air sac system. While theo-
retically appealing, sphincters have not been found, even in sites where they
would be expected to occur, e.g. at the openings of the MVSB (where IAV
occurs) and at the junction of the IPPB and the MDSB where ‘expiratory aero-
dynamic valving’ (Brown et al. 1995) occurs. Given that unidirectional air flow
continues in pump-ventilated paralyzed and fixed (dead) avian lungs, struc-
ture-specific aerodynamic properties should sustain the air-flow pattern in
the intrapulmonary pathways of the avian lung. Finding no anatomical valves,
Dotterweich (1936) proposed the concept of ‘fluid valve’ in which he argued
that the shunting of the inspired air past the openings of the MVSB in the
avian lung could be explained by aerodynamic forces caused by the sizes and
geometries of the EPPB, IPPB, and the MVSB. For some considerable time
(e.g. Banzett et al. 1987, 1991; Butler et al. 1988; Kuethe 1988; Wang et al. 1988,
1992; Maina and Africa 2000; Maina and Nathaniel 2001), this supposition was
accepted as absolute truth, without thorough theoretical analysis, experimen-
tal testing, and morphological verification.
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Explication of the mechanism(s) by which IAV is produced has been a mat-
ter of lingering debate and controversy. From gas density, flow velocity, and
pressure differential studies on structural models, Banzett et al. (1987, 1991),
Butler et al. (1988) and Wang et al. (1988) theorized that a narrowing of the
EPPB occurred ahead of the origin of the MVSB. Using a radio opaque gas,
Wang et al. (1992) recognized a constriction of the EPPB close to the origin of
the first MVSB in the goose (Anser anser) lung. It was envisaged that the nar-
rowing accelerated the flow of the inspired air, generating a forward convec-
tive momentum that propelled the air past the openings of the MVSB
(Fig. 76). The constriction was termed ‘segmentum accelerans’ (SA) and was
seen to change in size with respiratory rate (Wang et al. 1992): during ventila-
tory hyperpnia, the passage was wide and during resting breathing it was nar-
row.

A swelling that narrowed the lumen at the terminal section of the EPPB
(close to the origin of the first MVSB) was morphologically demonstrated in
the domestic fowl by Maina and Africa (2001; Fig. 77A,B). From the topo-
graphical location, the ‘swelling’ demonstrated functionally by Wang et al.
(1992) and the one observed morphologically by Maina and Africa (2001) are
undoubtedly one and the same structure. The SA is aerodynamically shaped

Medioventral
secondary bronchi

Intrapulmonary primary
bronchus

Extrapulmonary primary
bronchus

Segmentum
accelerans

Fig. 76. Schematic diagram showing acceleration of air flow past the constriction of the
extrapulmonary primary bronchus at the segmentum accelerans, resulting in the shunting
of air past the medioventral secondary bronchi, i.e. inspiratory aerodynamic valving.
(Maina 2002 c)



3.11 Control of Air Flow 119

Fig. 77. A, B Extrapulmonary primary bronchus (EPB) of the domestic fowl, Gallus gallus
variant domesticus, showing location of the segmentum accerelans (arrow). IPB Intrapul-
monary primary bronchus. C, D Close-ups of the segmentum accerelans (arrow) showing
its aerodynamic shape (C) and high degree of vascularization (D). (Maina and Africa 2000)

(Fig. 77C) and is highly vascularized (Figs. 77D and 78). It was envisaged by
Maina and Africa (2001) that the SA may function like an erectile (cavenous)
tissue, where the extent of enlargement may be controlled by the dynamics of
influx and efflux of blood: thickening of the SA should narrow the lumen of
the EPPB while ‘slimming down’ should widen the passageway. All other fac-
tors constant, narrowing of the opening should accelerate the flow of the
inspired air, thrusting it past the openings of the MVSB (Fig. 76). Banzett et al.
(1991) and Wang et al. (1992) theorized that during exercise and other states
that invoke hyperpnea, the SA flattens to the diameter of the EPPB and spec-
ulated that, in such a state, the velocity of air flow is adequate to produce con-
vective momentum that should push the air past the openings of the MVSB.
However, during resting breathing, when the velocity of the air is slow, a con-
striction may be critical for generation of IAV.
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Fig. 78A,B. Area close to the segmentum accelerans showing intense vascularization. BV
Blood vessels; GI goblet cells; Ep epithelial cells; CT connective tissue. Scale bars A 15 pm;
B 10 pm. (B from Maina and Africa 2000)
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Left Lung Right Lung

Fig. 79. Schematic diagram of the lung of the ostrich, Struthio camelus, showing measure-
ments and geometries of some of the air-conducting airways. (Maina and Nathaniel 2001)
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The specific mechanism by which the thickening of the SA is regulated is
presently unknown. Chemoreceptors sensitive to CO, in the inspired air or
mechanoreceptors that may detect velocity of air flow or diametric changes of
the EPPB could be involved. Molony et al. (1976) observed that air-flow resis-
tance across the openings of the MVSB was dependent on the PCO, in the
inspired air: resistance was high at low PCO,, and vice versa. Barnas et al.
(1978) observed that the intrapulmonary smooth muscle was sensitive to
changes in the concentration of CO,. Interestingly,a SA does not appear to be
ubiquitous to the respiratory systems of birds: it is lacking in the ostrich
(Maina and Nathaniel 2001). Since the general air-flow pattern in the lung-air
sac system of birds is basically similar, i.e. the ET is unidirectionally and con-
tinuously ventilated (e.g. Fedde 1980), an SA may not be the only factor
involved in production of IAV. Together with an SA (where it occurs), struc-
tural factors/properties like angulation of the MVSB relative to the long axis of
the IPPB (Figs. 47-49), sizes and shapes of the EPPB, IPPB, and SB (Figs. 79
and 80), and syringeal narrowing (Fig. 41) may to varying extents influence
IAV. Model-based studies (e.g. Butler et al. 1988; Wang et al. 1988) have, how-
ever, demonstrated that the geometry, particularly the angulation and nar-
rowing of orifices of the MVSB, does not significantly affect the inspiratory
valve performance. Further studies are urgently needed to explicate the mech-
anisms by which IAV is generated and maintained.



4
Quantitative Morphology (Morphometry)

Although much fundamental insight can be
gained by purely descriptive analysis of cer-
tain phenomena, in the end, statements
about correlation between structure and
function will have to be supported by solid
quantitative data. Quantitative morphology
or morphometry is hence an essential part of
such studies. Weibel (1984)

4.1
General Observations

At the ordinary range of temperature and pressure, of the three physically
occurring states of matter, i.e. solid, liquid, and gas, only fluids (water and air)
are atomically/molecularly appropriately configured to ‘dissolve’ and transfer
molecular O, to the respiratory site. Only relatively few animals, the so-called
bimodal (=transitional) breathers, to varying extents utilize both respiratory
fluid media as source of O, (e.g. Graham 1994; Maina 1998). Animals have had
little choice as to what fluid medium to use: the majority utilize either water
(water-breathers) or air (air-breathers). Under such prescriptive circum-
stances, it is axiomatic that similarities of design should have evolved in the
gas exchangers, particularly at the elemental level of design. A common
mechanistic model of a gas exchanger is that of a biological construction in
which an external respiratory fluid medium (air and/or water) and an inter-
nal one (hemolymph/blood) are presented to each other across a thin, expan-
sive tissue barrier. Contrary to earlier suppositions that claimed active trans-
fer of molecular O, across biological tissues (e.g. Haldane and Priestley 1935;
Forster 1996), it is now unequivocal that passive diffusion along prevailing P
is the sole means by which flux of O, occurs. The fundamental structural fea-
tures that determine transfer of O, through spaces and across tissue barriers
are: (1) extensive surface area, (2) optimal volumes of the respiratory media,
and (3) thin tissue partitioning (Figs. 81 and 82). Until fairly recently, mor-
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osmiophllic lining complex
epithelium
basal lamina
endothellum A

RBC membrane

1180 pooiq pe

Fig. 81. A Cross section of a blood capillary in the lung showing the components through
which oxygen diffuses, i.e. the BGB, the plasma layer, and the erythrocyte cytoplasm. B
Schematic diagram and an electron micrograph of the lung of the black-headed gull, Larus
ridibundus, showing the air-hemoglobin pathway, i.e. the distance that a diffusing oxygen
molecule has to traverse. Scale bar B 0.2 um. (Maina 1989b)
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Fig. 82. A Air capillaries (AC) that are delineated by blood capillaries (BC). Arrows Erythro-
cytes. B Close-up of a blood capillary containing red blood cells (RBC). Oxygen diffuses
from the air capillary (AC) across the BGB (arrows) into the red blood cells (RBC). Scale
bars A5 pm; B 3 pm. (Maina 1998)
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phological studies on the avian respiratory system were entirely descriptive
(qualitative). Although such studies significantly advanced the understanding
of its essential design, the descriptive accounts fell far short of providing the
exact details necessary for thorough explication of the essence of the func-
tional design of the avian lung. Predictably, Fisher (1955) pointed out that
“without knowledge of the detailed structure, the manner in which the system
(the avian respiratory apparatus) works will remain largely hypothetical”.

The genesis of reliable quantitative (morphometric) methods in biology
has been reviewed by Weibel (1979). Pioneered by geologists and material sci-
entists who were interested in finding out the structure of composite materi-
als like rocks (e.g. DelessE 1846) and metals, the methods were duly modified
for application in biology through suitable tissue fixation, sampling, and
analysis. The analytical techniques were based on reproducible, sound statis-
tical and mathematical deductions (e.g. Buffon 1777; Snedecor 1956). Regard-
ing pulmonary morphometry, the techniques were meaningfully applied in
the seminal works of, e.g., Weibel and Gomez (1962), Dunnill (1962), and
Weibel (1963).

The current pulmonary morphometric data show that: (1) compared with
other vertebrate taxa, the avian lungs are generally structurally highly special-
ized, and (2) between different groups of birds, the degrees of pulmonary
refinement reflect the different metabolic capacities that are in turn set by fac-
tors such as phylogenetic status, body mass, lifestyle, and habitat occupied.
Comparisons of some pulmonary morphometric parameters between the
lungs of nonflying mammals, bats, and birds are given in Tables 1-6 and in
Figs. 83-88. Due to constraints of space, here, the discussion in this section is
kept succinct. For more detailed accounts, original publications (e.g. Maina
1989b,2002 c; Maina et al. 1989a) and others that are given here should be con-
sulted.

4.2
Volume of the Lung (VL)

In birds, the total volume of the respiratory system (i.e. the VL, air sacs, and
pneumatic spaces) constitutes about 20 % of the total body volume (Duncker
1971). In the mute swan, Cygnus olor, at 34 %, the value is much greater. For
animals of the same body mass, the combined VL and that of the ASsis 3 to 5
times larger than the VL of a mammal and two times greater than that of a
reptile (Tenney and Remmers 1963; Tenney and Tenney 1970). Displaced to
dorsal aspect, i.e. the roof, of the coelomic cavity, and firmly attached to the
ribs (Figs. 38,39B and 43B), the avian lungs are relatively small (Fig. 38). Com-
pared with a nonflying mammal of comparable body mass, the lungs are 27 %
smaller (Maina 1989b; Maina et al. 1989a; Table 1; Fig. 83). Bats, the only volant
mammals, however, have exceptionally large lungs (Maina et al 1982b, 1991;
Maina and King 1984).
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Table 2. Volume densities (%) of the components of the exchange tissue of the avian lung. RJF
Red jungle fowl

Order, scientific Air Blood Tissue of Tissue not
and common name capillaries capillaries the BGB involved in
gas exchange

STRUTHIOFORMES

Struthio camelus? 61.19 20.41 12.69 5.71
SPHENISCIFORMES

Spheniscus humboldti® 34.36 51.04

ANSERIFORMES

Anas platyrhynchossde 59.21 32.98 5.74 2.08
Anser ansersde 62.03 32.43 4.24 1.30
Branta canadensis®e 48.5 41.5 10.0 -
Cygnus olor's 46.0 43.1 10.9 -
Cairina moschata (dom.)h 57.24 29.63 5.88 7.25
FALCONIFORMES

Falco tinnunculusde 53.02 25.56 17.28 4.14
GALLIFORMES

Gallus gallus (dom.)! 60.90 27.92 6.30 4.88
Gallus gallus (dom.)%s 55.8 28.3 15.9 -
Gallus gallus (dom.)" 55.59 27.89 7.44 9.09
Gallus gallus (RJF)h 64.82 21.29 6.01 7.88
Numida meleagris (dom. )i 53.51 33.80 10.90 1.89
GRUIFORMES

Amaurornis phoenicurush 63.20 23.29 5.89 7.61
Fulica atra®s 33.3 56.3 104 -
CHARADRIIFORMES

Alca tordadek 49.54 36.89 10.19 3.38
Cephus carbodex 47.49 39.75 9.46 3.30
Larus argentatusdex 53.68 35.92 7.04 3.36
Larus canusbek 58.23 30.45 8.74 2.58
Larus ridibundus®ek 62.52 28.92 5.96 2.60
COLUMBIFORMES

Columba livia®e 58.70 33.63 5.90 1.77
Columba liviade 43.0 44.0 13.0 -
Streptopelia decaocta®* 62.96 22.81 10.42 3.81
Streptopelia senegalensisde 45.13 34.63 16.77 3.46
PSITTACIFORMES

Melopsitacus undulatusde 52.47 33.34 11.44 2.75
Melopsitacus undulatus' 67.3 26.1 6.6 -
CUCULIFORMES

Chrysococcyx klaase 55.09 34.50 8.26 2.15
APODIFORMES

Colibri coruscans! 53.9 36.7 9.4 -
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Table 2. (Continued)

Order, scientific Air Blood Tissue of Tissue not
and common name capillaries capillaries the BGB involved in
gas exchange

COLIIFORMES

Colius striatusde 53.75 36.43 7.49 2.33
PICIFORMES

Pogoniulus bilineatusde 38.21 39.02 19.51 3.25
CASUARIIFORMES

Dromaius novaehollandiae™ 79.15 14.2 3.4 3.25
PASSERIFORMES

Ambryospiza albifronsben 44.84 42.15 9.88 3.13
Cisticola cantansden 48.20 38.32 9.92 3.56
Hirundo fuligula®en 45.20 44.35 7.74 2.08
Lanius collarisben 49.49 37.13 10.40 2.98
Passer domesticusden 45.68 38.04 12.87 3.41
Passer domesticus' 54.10 36.80 9.20 -
Ploceus baglafechten 50.96 36.22 8.99 3.83
Prinia subflavaden 50.47 37.38 9.35 2.80
Sturnus vulgarisben 51.68 32.55 12.55 3.22
Turdus iliacusden 47.11 39.33 11.19 2.37
Turdus olivaceusden 50.45 39.04 7.81 2.70

2 Maina and Nathaniel (2001)
b Maina and King (1987)

¢ Maina and King (1982a)

d Maina et al. (1989a)

¢ Maina (1989a)

f Duncker (1972)

8 Duncker (1973)

b Vidyadaran et al. (1987)

i Abdalla et al. (1982)

j Abdalla and Maina (1981)
k Maina (1987b)

I Dubach (1981)

m Maina and King (1989)

n Maina (1984)
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Table 3. Surface areas (m?) of the air capillaries (S,), blood-gas (tissue) barrier (S,), capillary
endothelium (S,), red blood cells (S,) and blood plasma (SP). RJF Red jungle fowl

Order, scientific S, S, S, S, S,
and common names

STRUTHIOFORMES

Struthio camelus® 182.51 120.34 146.06 119.51 133.06
SPHENISCIFORMES

Spheniscus humboldti® 10.4 8.2 10.5 13.3 11.9
ANSERIFORMES

Anas platyrhynchossde 3.65 2.97 331 3.23 3.27
Anser ansersd¢ 11.3 8.87 10.4 9.6 10.0
Cairina moschata (dom.)f 6.4 4.71 6.15 5.37 5.63
FALCONIFORMES

Falco tinnunculuss4 0.61 0.53 0.58 0.28 0.43
GALLIFORMES

Gallus gallus (dom.)s 2.77 2.16 2.42 3.59 3.01
Gallus gallus (dom. )M 3.33 2.28 2.71 2.91 2.81
Gallus gallus (RJF)f 0.95 0.62 0.72 0.86 0.79
Numida meleagris (dom.)i

GRUIFORMES

Amaurornis phoenicurusi 0.76 0.51 0.65 0.52 0.61
CHARADRIIFORMES

Alca tordasdk 2.60 2.40 1.82 1.52 0.67
Cephus carbosk 2.39 1.93 2.79 1.78 2.29
Larus argentatussdx 1.58 1.46 1.81 0.91 1.36
Larus canussdk 0.71 0.63 0.83 0.64 0.74
Larus ridibundus®k 0.70 0.61 0.75 0.57 0.66
COLUMBIFORMES

Columba livia (dom.)d 1.20 0.86 1.06 1.03 1.05
Streptopelia decaoctacd 1.14 0.84 0.93 0.65 0.79
Streptopelia senegalensiss4 0.32 0.27 0.37 0.17 0.27
PSITTACIFORMES

Melopsitacus undulatus4 0.18 0.15 0.19 0.16 0.18
Melopsitacus undulatus' 0.22 0.17 0.19 - -
CUCULIFORMES

Chrysococcyx klaas <4 0.10 0.09 0.11 0.09 0.59
APODIFORMES

Colibri coruscans! 0.06 0.05 0.07 - -
COLITFORMES

Colius striatus>d 0.13 0.10 0.15 0.13 0.15
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Table 3. (Continued)

Order, scientific S, S, S. S, S,
and common names

PICIFORMES

Pogoniulus bilineatus>4 0.04 0.03 0.04 0.05 0.05
CASUARITFORMES

Dromaius novaehollandiae™ 22.56 6.28 19.69 23.16 22.86
PASSERIFORMES

Ambryospiza albifronssdn 0.18 0.14 0.21 0.19 0.20
Cisticola cantansson 0.05 0.04 0.07 0.60 0.07
Hirundo fuligulasd® 0.15 0.12 0.15 0.15 0.15
Lanius collarissdn 0.15 0.12 0.16 0.15 0.15
Passer domesticusdn 0.18 0.17 0.20 0.12 0.16
Passer domesticus! 0.18 0.15 0.17 - -
Ploceus baglafechtsd" 0.15 0.12 0.15 0.12 0.14
Prinia subflava <4» 0.03 0.03 0.04 0.03 0.30
Sturnus vulgarissdn 0.42 0.36 0.42 0.31 0.36
Turdus iliacus>dn 0.17 0.17 0.22 0.16 0.19
Turdus olivaceus>dn 0.30 0.24 0.24 0.22 0.23

2 Maina and Nathaniel (2001)

> Maina and King (1987)
¢ Maina (1989a)

d Maina et al. (1989a)

¢ Maina and King (1982a)
f Vidyadaran et al. (1987)
& Abdalla et al. (1982)

b Duncker (1972)

I Duncker (1973)

i Abdalla and Maina (1981)
k Maina (1987b)

I Dubach (1981)

m Maina and King (1989)
n Maina (1984)
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4.2 Volume of the Lung (VL)
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142 4 Quantitative Morphology (Morphometry)

Table 5. Thickness of the blood-gas (tissue) barrier and the plasma layer in the avian lung. 7,
Harmonic mean thickness of the blood-gas (tissue) barrier; 1;,,,,) minimum harmonic mean
thickness of the blood-gas barrier; 7,, harmonic mean thickness of the plasma layer; 7, arith-
metic mean thickness of the blood-gas (tissue) barrier; RJF red jungle fowl

Order/scientific name 7, (um) The(miny (HM) Ty, (pm) 7, (pm) 1,7t
STRUTHIOFORMES

Struthio camelus® 0.560 - 0.140 0.690 1.23
SPHENISCIFORMES

Spheniscus humboldti® 0.530 - 0.213 - -
ANSERIFORMES

Anas platyrhynchossde 0.113 0.062 0.369 0.903 6.80
Anas platyrhynchost 0.133 0.075 - 0.240 1.80
Anser anserse 0.118 0.050 0.322 0.887 7.85
Cairina moschata (dom.)8 0.199 0.051 0.337 0.303 1.52
FALCONIFORMES

Falco tinnunculus>4 0.210 0.099 0.252 1.662 7.91
GALLIFORMES

Gallus gallus (dom. ) 0.318 - 0.306 1.24 3.90
Gallus gallus (dom.)f 0.346 0.159 - 0.494 1.43
Gallus gallus (dom.)s 0.322 0.144 0.300 0.459 1.44
Gallus gallus (RJF)s 0.252 0.119 0.463 0.452 1.79
Numida meleagris (dom.)! 0.320 - - 1.12 3.50
Meleagris gallopavo (dom.)f 0.385 0.177 - 0.637 1.65
GRUIFORMES

Amaurornis phoenicuruss 0.204 0.099 0.384 0.395 1.94
CHARADRIIFORMES

Alca torda®di 0.230 - 0.254 0.803 3.49
Cephus carbos%i 0.193 - 0.280 0.850 4.40
Larus argentatussi 0.153 0.075 0.399 1.27 8.33
Larus canusi 0.116 - 0.272 0.684 5.90
Larus ridibundus©4i 0.146 0.071 0.306 0.925 6.34
COLUMBIFORMES

Columba livia (dom.)sd 0.161 - 0.197 0.804 4.99
Columba livia (dom.)f 0.172 0.098 - 0.315 1.83
Streptopelia decaocta*d 0.218 - 0.160 0.801 3.67
Streptopelia senegalensiss4 0.227 - 0.166 0.986 4.34
PSITTACIFORMES

Melopsitacus undulatus®4 0.117 0.068 0.260 0.976 8.34
Melopsitacus undulatust 0.118 0.069 0.018 0.210 1.78
CUCULIFORMES

Chrysococcyx klaas? 0.157 - 0.236 0.679 0.433
APODIFORMES

Colibri coruscanst 0.099 0.062 0.017 0.183 1.85
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Table 5. (Continued)

Order/scientific name T, (Hm) Theqminy (M) T, (pm) 7, (um) 1, 7!
COLITFORMES

Colius striatus>d 0.148 - 0.265 0.761 5.14
PICIFORMES

Pogoniulus bilineatus4 0.165 - 0.191 1.01 6.12
CASUARITIFORMES

Dromaius novaehollandiae® 0.232 - 0.103 - -
PASSERIFORMES

Ambryospiza albifronssd! 0.121 - 0.201 0.584 4.83
Cisticola cantans®d! 0.122 - 0.219 0.608 4.98
Hirundo fuligulas! 0.090 - 0.172 0.613 6.81
Lanius collarissd! 0.170 - 0.216 0.638 3.75
Passer domesticus®d! 0.096 0.052 0.217 1.03 10.77
Passer domesticus® 0.118 0.069 0.016 0.218 1.85
Ploceus baglafecht>! 0.151 - 0.215 0.762 5.05
Prinia subflava©d! 0.124 - 0.197 0.675 5.44
Sturnus vulgarissd! 0.141 0.065 0.226 1.124 7.87
Turdus iliacusod! 0.120 0.060 0.457 1.012 8.43
Turdus olivaceus>d! 0.127 - 0.234 0.599 4.72

2 Maina and Nathaniel (2001)
b Maina and King (1987)
Maina (1989a)

Maina et al. (1989a)

¢ Maina and King (1982b)

f Dubach (1981)

8 Vidyadaran et al. (1987)

b Abdalla et al. (1982)

i Abdalla and Maina (1981)
i Maina (1987)

k Maina and King (1989)

I Maina (1984)

a o
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Table 6. Morphometric diffusing capacities (ml O, s™! mbar-') (1 mbar=10? Pa) of the
blood-gas (tissue) barrier (D,0,), plasma layer (DPOZ), red blood cell (D,0,), membrane (D, 0,)
and total pulmonary capacity (D, 0,)

Order/scientific name DO, D,0, D0, D, 0, D,0,
STRUTHIOFORMES

Struthio camelus® 8.81 37.94 5.32 7.34 2.93
SPHENISCIFORMES

Spheniscus humboldti® 0.636 2.616 0.473 0.512 0.231
ANSERIFORMES

Anas platyrhynchosode 0.930 0.424 0.062 0.289 0.050
Anser ansersde 3.360 1.506 0.211 1.018 0.172
Cairina moschata (dom.)f 1.009 0.834 0.123 0.404 0.093
FALCONIFORMES

Falco tinnunculus4 0.103 0.080 0.006 0.024 0.005
GALLIFORMES

Gallus gallus (dom.)s 0.279 0.488 0.041 0.168 0.032
Gallus gallus (dom.)f 0.300 0.452 0.041 0.178 0.033
Gallus gallus (red-jungle fowl)f 0.101 0.080 0.011 0.044 0.008
GRUIFORMES

Amaurornis phoenicurus 0.103 0.080 0.010 0.044 0.008
CHARADRIIFORMES

Alca torda®dh 0.256 0.309 0.038 0.139 0.029
Cephus carbosh 0.419 0.394 0.058 0.198 0.043
Larus argentatussh 0.407 0.161 0.033 0.110 0.025
Larus canussh 0.224 0.126 0.012 0.080 0.010
Larus ridibunduss®h 0.180 0.102 0.011 0.062 0.011
COLUMBIFORMES

Columba livia (dom.)d 0.221 0.249 0.025 0.116 0.020
Streptopelia decaocta®d 0.168 0.236 0.014 0.096 0.012
Streptopelia senegalensiss4 0.050 0.076 0.006 0.030 0.005
PSITTACIFORMES

Melopsitacus undulatuss4 0.054 0.032 0.003 0.020 0.002
Melopsitacus undulatus' 0.058 0.363 - 0.050 -
CUCULIFORMES

Chrysococcyx klaas? 0.026 0.020 0.002 0.011 0.002
APODIFORMES

Colibri coruscans' 0.026 0.148 - 0.022 -
COLIIFORMES

Colius striatusd 0.028 0.030 0.003 0.014 0.002
PICIFORMES

Pogoniulus bilineatus>4 0.008 0.012 0.001 0.005 0.001
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Table 6. (Continued)

Order/scientific name D,0, D,0, D0, D,O, D,0,
CASUARIIFORMES

Dromaius novaehollandiael 2.88 8.25 0.48 - 0.4
PASSERIFORMES

Ambryospiza albifronssdk 0.048 0.047 0.003 0.024 0.003
Cisticola cantanssdk 0.015 0.014 0.001 0.007 0.001
Hirundafuligulacvd’k 0.055 0.041 0.003 0.023 0.003
Lanius collarisedk 0.033 0.033 0.003 0.016 0.002
Passer domesticussdk 0.074 0.035 0.003 0.024 0.003
Ploceus baglafechtsd% 0.033 0.031 0.002 0.016 0.002
Prinia subflavacdk 0.009 0.009 0.001 0.004 0.001
Sturnus vulgarissk 0.105 0.076 0.006 0.027 0.005
Turdus iliacussdk 0.059 0.019 0.004 0.014 0.003
Turdus olivaceussdx 0.074 0.056 0.006 0.032 0.005

The values of D,0,,D,,0,,D,.0, and D; O, are the mean values of the minimum and maximum dif-
fusing capacities

2 Maina and Nathaniel (2001)
b Maina and King (1987)

¢ Maina (1989a)

d Maina et al.(1989a)

¢ Maina and King (1982a)

f Vidyadaran et al. (1987)

¢ Abdalla et al. (1982)

h Maina (1987b)

i Dubach (1981)

J Maina and King (1989)

k Maina (1984)

On average, the ET (the parenchyma) of the avian lung constitutes 48 % of
the VL (e.g. Maina et al. 1982a; Vitali and Richardson 1998). The lowest value
(18 %) has been observed in the lung of the emu, Dromaius novaehollandiae
(Maina and King 1989), while the highest one occurs in the ostrich, Struthio
camelus (Maina and Nathaniel 2001; Table 1). In the mammalian lung, the
parenchyma forms over 80 % of the VL (e.g. Gehr et al. 1981; Maina and King
1984). The ACs and BCs on average constitute 53 and 34 % of the ET (Table 2).

4.3
Respiratory Surface Area (RSA)

In the gas exchangers, extensive RSA is typically generated by internal subdi-
vision (compartmentalization) or hierarchical (stratified) construction (e.g.
Maina 1998). In invaginated respiratory organs, the space within which the
surface area is generated is set by the volume of the lung which is in turn
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Lung Volume vs Body Mass
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Fig. 83. Allometric comparison of the volume of the lung between birds, bats, and nonfly-
ing mammals. Bats have larger lungs when compared to those of the nonflying mammals
while the lungs of birds are smaller than those of nonflying mammals and bats. Data for
nonflying mammals are from Gehr et al. (1981), while those for bats are given in Maina and
King (1984) and Maina et al. (1991). (Maina 2000b)

determined by the size of the thoracic cavity in mammals and, in the case of
birds, where a diaphragm is lacking, the coelomic cavity. For teleost gills
(invaginated gas exchangers), the volume of the opercular cavity affixes the
space in which RSA is generated by hierarchical construction of the gills into
branchial arches, hundreds of gill filaments, and thousands of secondary
lamellae (e.g. Hughes and Morgan 1973).

Increasing RSA by subdividing the ET occurs at a cost. Minute terminal res-
piratory units confer high surface tension at the air-tissue interface: more
energy is required to inflate narrow respiratory units with air. Such divisions
have a great propensity of collapsing into themselves. While in mammals the
compliance of the respiratory system (except for the thoracic walls) resides in
the terminal parts of the respiratory tree (mainly the alveolar spaces; e.g.
Dubois et al. 1956), in the avian respiratory system compliance is restricted to
the ASs (Scheid and Piiper 1989). The avian lung is firmly fixed to the ribs and
is virtually rigid (Figs. 6B-D, 20C,D, 38, 39B and 43B). It changes in volume by
a mere 1.4 % between respiratory cycles (Jones et al. 1985). Consequently, the
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Surface Area vs Body Mass
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Fig. 84. Allometric comparison of the RSA between birds, bats, and nonflying mammals.
Bats have relatively extensive RSA compared with nonflying mammals and birds. Small
birds have more extensive RSA compared with small nonflying mammals: in heavier ani-
mals, the relationship is reversed. Data for nonflying mammals are from Gehr et al. (1981)
while those for bats are given in Maina and King (1984) and Maina et al. (1991). (Maina
2000b)

degree of the internal subdivision of the ET of the avian lung has not been
restricted by movements of the lung, i.e. the forces that would be needed to
overcome surface tension forces in order to ventilate the ET.

Although birds have relatively small lungs (Fig. 83) and the parenchymal
volume fraction (density) of the lung is about one-half (46 %) that of a mam-
malian lung (e.g. Gehr et al. 1981; Maina et al. 1982a; Table 1), the RSA of the
avian lung is interestingly 15 % greater than that of a mammal, especially for
the small species of birds (Fig. 84, Table 3). This stems from very intense inter-
nal subdivision of the ET, a property (as explained above) that is allowed by
the rigidity of the lung itself. High surface density of the BGB (Syq;), i.e. the
RSA per unit volume of the ET, eventuates in the avian lung because surface
tension and size of the terminal gas-exchange units, the ACs, is not a limiting
factor to the intensity of internal subdivision in a fixed lung (Table 4, Fig. 85).
The ACs of the avian lung range in diameter from about 3 um in the lungs of
the smallest species (e.g. Duncker 1974) to 20 pm in that of the ostrich (Maina
and Nathaniel 2001). To drive the point home, such exceptionally small func-
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tional terminal respiratory units could only form in a fixed, noncompliant
lung, where surface tension was not a limiting factor during ventilatory activ-
ity. In the mammalian lung, reportedly, the narrowest alveoli (50 pm) occur in
the lung of the shrew, Suncus etruscuns, and a bat (Tenney and Remmers
1963). In the mammalian lung, ranging from 45 mm? mm- in the genet cat,
Genetta tigrina, to 307 mm? mm-3 in the shrew, Sorex minutus (Gehr et al.
1981), the values of the Sy are about one-tenth those of birds (Maina 1989b;
Maina et al. 1989a; Table 4): the S5 ranges from 82 mm? mm-3 in the emu,
Dromaius noveahollandiae (Maina and King 1989), to 389 mm? mm-? in the
hummingbird, Colibri coruscans (Dubach 1981). The corresponding values of
the Sypgp in the heterogeneous reptilian lungs range from 1.34 mm? mm-3 in
the lizard, Tupinambis nigropunctus, to 1.80 mm? mm-3 in the turtle, Pseude-
mys scripta (Perry 1978,1992).

In birds, the highest mass-specific RSA (MSRSA) of about 90 cm? g-! has
been reported in the small and highly energetic violet-eared hummingbird,
Colibri coruscans (Dubach 1981), and the African rock martin, Hirundo

Respiratory Surface Density vs Body Mass
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Fig. 85. Allometric comparison of the surface density of the blood-gas barrier (BGB)
between birds, bats, and nonflying mammals. Birds have higher values followed by nonfly-
ing mammals and bats. The surface density of the BGB decreases with increasing body
mass. Data for nonflying mammals are from Gehr et al. (1981), while those for bats are given
in Maina and King (1984) and Maina et al. (1991). (Maina 2000b)
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fuligula (Maina 1984, 1989b; Table 4). In nonflying mammals, the highest
MSRSA of 43 cm? g-! occurs in the shrews, Crocidura flavescens, and Sorex spp.
(Gehr et al. 1980). The shrews are the smallest and most highly metabolically
active mammals (e.g. Fons and Sicart 1976). The astoundingly high MSRSA
value of 800 cm? g-! reported for an unnamed species of hummingbird by
Stanislaus (1937) should be treated with caution: the method(s) used in the
determination of the value are not explained by the investigator and it is quite
unlikely that it is not as reliable as the values determined stereologically.
Among birds, the lowest MSRSA (5.4 cm? g-!') has been reported in the lung of
the emu, Dromaius novaehollandiae (Maina and King 1989), a large Aus-
tralian bird that evolved in a habitat with low predation, especially from pla-
cental mammals. Subsequent to the fact that smaller animals have higher
MRs, in birds, nonflying mammals, and bats, small animals have greater
MSRSA compared with the larger ones (Fig. 84).

4.4
Thickness of the Blood-Gas Barrier

Structurally, the BGB comprises of a squamous (thin) epithelial cell and an
endothelial one that are literally ‘glued’ back-to-back across an extracellular
matrix space, commonly called BL (Chap. 3.3; Figs. 63 and 64). The epithelium
comprises 12.28 %, the BL 21 %, and the endothelium 66.73 % of the BGB
(Maina and King 1982a). Among the species of birds on which data are avail-
able, the violet-eared hummingbird, Colibri coruscans (7.3 g; Dubach 1981),
and the African rock martin, Hirundo fuligula (13.7 g; Maina 1984, 1989b),
have the thinnest BGB that is 0.090 pm thick (harmonic mean thickness, 7ht).
The thickest BGBs (zht) occur in the ostrich (0.56 um; Maina and Nathaniel
2001) and the Humboldt penguin, Spheniscus humboldti (0.53 um; Maina and
King 1987). Welsch and Aschauer (1986) attributed the greater thickness of
the BGB and presence of connective tissue elements in its interstitium/BL to
need for strength in order to withstanding hydrostatic pressures during dives.
Compared with bats and nonflying mammals, the BGB in the avian lung is
56-67 % thinner (Maina et al. 1989a; Fig. 86; Table 5).

In the course of the evolution of the vertebrate lung, the thickness of the
BGB appears to have been optimized and may be the least adaptable struc-
tural parameter (reflected in the low slopes of the regression lines; Fig. 86).
Moreover, among the nonflying mammals, the thickness of the BGB in a 2.2-g
shrew, Suncus etruscus, is 0.230 um (Gehr et al. 1980) while the value in the
lung of the bow-head whale, Balaena mysticetus, is only 0.35 pm (Henk and
Haldiman 1990) - the factorial difference of the thickness of the BGB is only
1.5 while that of the body mass is colossal; in bats, the thickness of the BGB in
a 5-g specimen of Pipistrellus pipistrellus is 0.206 pm (Maina and King 1984),
while that in a 900-g flying fox, Pteropus poliocephalus (the heaviest bat
reportedly weighs about 1.5 kg), is 0.303 pm (Maina et al. 1991) - the body
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Harmonic Mean Thickness vs Body Mass
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Fig. 86. Allometric comparison of the harmonic mean thickness of the BGB between birds,
bats, and nonflying mammals. Birds have the thinnest barriers followed by bats and nonfly-
ing mammals. Data for nonflying mammals are from Gehr et al. (1981), while those for bats
are given in Maina and King (1984) and Maina et al. (1991). (Maina 2000b)

mass factorial difference is 1.8x10? while that of the thickness of the BGB is
only 1.5; in birds, the thickness of the BGB ranges from 0.09 um in a hum-
mingbird (Dubach 1981) to 0.56 um in the ostrich (50 kg; Maina and
Nathaniel 2001) - the body mass factorial difference is 7x10° while that of the
thickness of the BGB is 5.7.

In the avian lung, sporadic attenuation is a common structural feature of
the design of the BGB (Figs. 63 and 64). It is envisaged that irregular design,
where extremely thin parts occur between thicker ones, is a compromise
design that optimizes gas exchange, without sacrificing the mechanical
integrity of the barrier (e.g. Weibel and Knight 1964). Expressed as the ratio of
1, to the arithmetic mean thickness (7,; Table 5; Maina and King 1982a), the
highest value (10.8) occurs in the house sparrow, Passer domesticus (12 g),and
the lowest (1.2) in the ostrich, Struthio camelus (45 kg). The minimum 7,
(Table 5) shows the extent to which the BGB attenuates. In the lung of the
graylag goose, Anser anser, e.g. while the 7, is 0.112 pm, the thinnest parts of
the BGB are 0.050 pm (Table 5).
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Fig. 87. Erythrocytes squeeze themselves and pass in a single file through the pulmonary
blood capillaries. Scale bar 10 pm. (Maina 1989a)

4.5
Pulmonary Capillary Blood Volume (PCBV)

Enhanced exposure of the pulmonary capillary blood (PCB) to air is vital to
efficient gas exchange. Intense vascularity and bulging of the BCs into the sur-
rounding air spaces increases both the PCBV as well as the RSA. The total vol-
ume of blood in the avian lung constitutes as much as 36 % of the VL, with
58-80% of it being located in the BCs themselves (e.g. Duncker and Giintert
1985ab; Maina et al. 1989a; Tables 1 and 2). In the African rock martin,
Hirundo fuligula, a particularly energetic passerine bird, 29 % of the VL com-
prises of blood, with 79 % of it being located in the BCs (Maina 1984). In the
lung of the rock martin, 0.075 cm? of blood is spread over a RSA of 0.12 m?,
giving an estimated thickness of the film of blood, a sheet (Maina 2000 c), of
6.3x107* um: erythrocytes squeeze through the blood capillaries in a single
file (Figs. 58A and 82). In the avian lung, the PCBV is 2.5 to 3 times greater
than that in the ET (parenchyma) of the lung of a mammal of similar body
mass, where only 20 % of blood is found in the alveolar capillaries (Weibel
1963). Compared with that of a nonflying mammal, the avian lung has a PCBV
that is 22 % greater (Maina et al. 1989a; Fig. 89; Table 4).
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Pulmonary Capillary Blood Volume vs Body Mass
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Fig. 88. Allometric comparison of the pulmonary capillary blood volume between birds,
bats, and nonflying mammals. Bats have higher volumes followed by birds and nonflying
mammals. Data for nonflying mammals are from Gehr et al. (1981), while those for bats are
given in Maina and King (1984) and Maina et al. (1991). (Maina 2000b)

Capillary loading (CL), the ratio of the PCBV to the RSA (V_.S,”!, Table 4), is
an indicator of the degree of exposure of the PCB to air. In the avian lung, the
values range from 0.7 cm?® m~2 in the African rock martin (Maina 1984) to
4.4 cm® m~ in the Humboldt penguin (Maina and King 1987): low values are
indicative of superior exposure of PCB to air. In ectotherms, values of CL as
high as 13 cm® m~2 have been reported in the lung of the turtle, Pseudemys
scripta elegans (Perry 1978), and 12-19 cm® m~2 in the lungfish, Lepidosiren
paradoxa (Hughes and Weibel 1976). A ‘double capillary system’, an arrange-
ment where blood capillaries are exposed to air only on one side of a support-
ing intrapulmonary septum, occurs in the lungs of amphibians, reptiles, and
lungfish while a ‘single capillary system’, where blood capillaries are exposed
to air on two sides, occurs in the mammalian lung, and a ‘diffuse capillary sys-
tem’, where blood capillaries are exposed to air practically all around, occurs
in the avian lungs (e.g. Maina 1998, 2002a; Figs. 58A and 62B). To a large
extent, these refinements correspond with the metabolic capacities of the var-
ious taxa.
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Fig. 89. Allometric comparison of the total morphometric pulmonary diffusing capacity
between birds, bats, and nonflying mammals. Bats in general have higher values followed by
birds and nonflying mammals. Data for nonflying mammals are from Gehr et al. (1981)
while those for bats are given in Maina and King (1984) and Maina et al. (1991). (Maina
2000b)

4.6
Modeling a Gas Exchanger: Integrative Morphometry

4.6.1
General Principles

For a thorough understanding of the essence of a biological design, it is
instructive not only to know how the structural elements individually influ-
ence the system, but also how they collectively engage and drive it. Utilizing
the mathematical and conceptual devices of engineers underpins the basis of
the form and function in biology of what may at a glance appear like complex,
insoluble structural designs or phenomena. Gas exchangers manifest elabo-
rate multilevel construction in which the integral structural elements are
functionally coupled. Since gas exchangers possess a high degree of func-
tional/adaptive plasticity (e.g. Maina 1998), inferences based on assessments,
measurements, and tests performed on individual parameters such as VL,
RSA, PCBYV, and thickness of the BGB are useful only to a certain point since
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changes and refinements can occur at any level of the air-hemoglobin path-
way (AHP). Perceptive analysis and understanding of composite systems call
for utilization of an appropriate model. Fundamentally, a mathematical sim-
plification of a highly complex system, a model separates a structure into its
individual functional parts, isolates those parts that are central to under-
standing pertinent questions, and then reassembles it. Gutman and Bonik
(1981) defined a model as “an abstraction of a real situation which describes
only the essential aspects of the situation” while Scheid (1987) defined it as “an
image of part of the physical or mental world apt to explain or predict observa-
tions”. Emphasizing the utility of models in biology, Scheid (1987) observed
that “models are not only helpful but often indispensable in quantitative biol-
o0gy”. Instructively, Powell and Scheid (1989) pointed out that “in an attempt
at deriving a functional model for gas exchange from morphologic evidence,
the physiologist has to identify the simplest functional subunit in the gas
exchange organ”. They went on to add that in creating a morphological model
“many anatomical details have to be omitted to allow quantitative treatment
of gas exchange”.

Assumptions are inevitable in modeling. The inclusions and exclusions
determine the noise inherent in a model. It is imperative that a model cap-
tures as much of the essential attributes of a structure as possible: it should
meaningfully describe the system that it endeavors to represent. Most impor-
tantly, it must be simple and easy to conceptualize, and must be theoretically
and practically testable. The robustness of a model is measured in terms of its
predictive value. By changing or isolating one or a number of factors while
holding another or others constant, negative and positive controls as well as
redundant features/factors can be identified. Overall, biological models
underpin the mechanisms that regulate the performance of whole biological
systems.

4.6.2
Modeling the Avian Lung

In general, pulmonary modeling is based on the fundamental fact that gas
exchangers comprise of a construction in which external (water/air) and
internal (hemolymph/blood) respiratory fluid media are contained in differ-
ent compartments and are exposed to each other across a tissue barrier
(Fig. 81A). Existing PO, and that of CO, (PCO,) drives the gases across a cas-
cade of spaces (Fig. 81A). Utilization/consumption of O, at the mitochondrial
level for generation of energy (ATP) drives the flow of the gas across the AHP
from where it is transported by the circulatory system. According to Fick’s law,
the diffusing capacity (DO,; i.e. the conductance of a respiratory organ for O,)
is directly proportional to the surface area (Sa), the permeation coefficient
across the BGB (K,0,), and the APO, prevailing across the barrier. DO, corre-
lates inversely with the thickness of a barrier (rht). Thus:
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DO, = KtO, - APO, - Sa - tht"! (1)
Fick’s law is the physiologists equivalent of Ohm’s law of electricity where,
[=UR"! )

where I is the electric current, R the resistance, and U the potential difference
(i.e. the voltage) between two points of a conductor.

The AHP is the distance that an O, molecule travels from the respiratory sur-
face to the erythrocyte cytoplasm (EC), where it is biochemically bound to
hemoglobin. The AHP comprises of the BGB, the plasma layer (PL),and the EC
(Fig.81): molecular O, diffuses in succession through the three tissue compart-
ments. To satisfy the unique design of the avian lung, certain modifications to
the model, which was advanced by Weibel (1970/71) and has since been exten-
sively applied (e.g. Weibel 1973), were necessary (Maina 1989b; Maina et al.
1989a). Individual diffusing capacities of the components of the AHP, namely
the tissue barrier (D,0,), the plasma layer (D,0,), and the erythrocyte (D.0,),
and the aggregative ones like the membrane (D,,0,) and the total morphomet-
ric diffusing capacity (D, 0, ) were calculated from relevant morphometric
measurements and the physicochemical coefficients. Regarding D,0, and
D,0,, respective surface areas, harmonic mean thicknesses, and Krogh's per-
meation coefficients (K) for O, were used (e.g. Weibel 1970/1971; Maina et al.
1989a). The permeation coefficient (K) is a product of the solubility (o) and dif-
fusion (D) coefficients of O,. Since a and D are influenced by temperature in
opposite directions, i.e. at a higher temperature solubility is reduced while dif-
fusion is enhanced, K is not significantly affected by temperature.

The diffusing capacity of the BGB (D,0,) is mathematically estimated as:

D,0,=SK,0, tht’, (3)

where S, is the surface area of the BGB, K,O, the Krogh’s permeation coeffi-
cient of the BGB for O, (4.1x10-% cm? s~! Pa-!; 1 mbar=10? Pa) and t,,, the har-
monic mean thickness of the BGB.

The diffusing capacity of the PL (D,0,) is estimated as:

D,0,=S$,-K,0, - thp-l, (4)

where S_ is the surface area of the PL [estimated as the mean of the surface
area of the capillary endothelium (S.) and that of the erythtrocytes (S,);
Table 3], K0, the Krogh’s permeation coefficient for O, across the PL (mini-
mum value: 4.0x10-8 cm? s~! Pa~!; maximum value 5.4x10-8 cm? s! Pa-!), and
thp the harmonic mean thickness of the PL.

The conductance of the erythrocytes (D,O,) is calculated from
the O, uptake coefficient of the whole blood (60, minimum value:
1.13 mLO, s7! Pa~}; maximum value 3.13 mLO, s-! Pa!) and the PCBV. Thus:
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D,0, = 60, - PCBV (5)

Since the BGB, the PL, and the EC are arranged in series (Fig. 80B) and thus
an O, molecule passes sequentially through all the sections of the AHP, the
overall resistance (or its reciprocal the conductance) is the sum of the individ-
ual resistances. D, O, is the total diffusing capacity (conductance) of the BGB
and the PL, i.e. the reciprocal of D,0, and D,0,.

D,,0," =D,0," + D0, (6)

The total D;0,, is estimated from the diffusing capacities of the BGB
(D,0,), the PL (D,0,), and that of the erythrocyte (D.O,). Thus:

D,0,," =D,0,"+D,0," + D,0," 7)

D,0,, is an inclusive parameter that expresses the overall capacity of the
lung or for that matter any gas exchanger to transfer (conduct) O,. The physi-
ological diffusing capacity (D;0,,) is defined as the ratio of the flow rate of
oxygen (VO,) to the driving force, i.e. the APO, (Bohr 1909). Thus:

D,0,,"! = VO, - APO,™! (8)

where APO, is the difference in P between alveolar and mean capillary O, ten-
sions.

In mammals, D;0,, is consistently lower than D;0, , (e.g. Siegwart et al.
1971; Crapo and Crapo 1983; Weibel et al. 1983). There are indications that a
similar relationship applies in birds (e.g. Meyer et al. 1977; Scheid et al. 1977;
Burger et al. 1979). It is envisaged that D;0,, underestimates the diffusing
capacity of a gas exchanger mainly on account of regional inhomogeneities of
ventilation and perfusion. Moreover, in birds, the particularly high VO, . of the
nucleated erythrocytes (e.g. Lutz et al. 1973) may lower D;0,,. In the mam-
malian lung, during the fixation of the lung by intratracheal instillation for
morphometric analysis, the alveolar surface area is expanded to that at func-
tional residual capacity (e.g. Siegwart et al. 1971; Weibel 1973). Consequently,
combined with the assumption that at any moment the entire BGB is utilized
for gas exchange, D, O, ,, predicts the maximal achievable conductance of the
gas exchanger under ideal conditions, e.g. where inequalities of ventilation
and perfusion are eliminated. In a healthy mammalian lung, at VO, .., D; 0,,
approaches D, O, . (Weibel 1990). Compared with nonflying mammals, small
birds have greater D; O, ,, (Fig. 88; Table 6): bats have higher D, O, , than birds
and nonflying mammals. Predictably, small animals, be they birds, nonflying
mammals, or bats, have higher D, O, ..

In modeling the avian lung, application of mammalian-derived physical
constants/coefficients is unavoidable, since appropriate values for birds are
largely lacking. Nguyen-Phu et al. (1986) reported a value of 2.75 ml O, s~ Pa~!
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for the 60, of the whole blood of the domestic fowl and 2.79 ml O, s~! Pa~! for
that of the domestic muscovy duck. Before that publication, 60, values were
based on the mammalian blood. The avian venous haematocrit (AVH) values
were adjusted by mathematically ‘subtracting’ the volume of the nucleus (esti-
mated morphometrically by point counting) from that of the whole cell (e.g.
Abdalla et al. 1982; Maina et al. 1989a), an adjustment that gave a value that
corresponded to the volume of the cytoplasm in the anucleate mammalian
RBC. The ‘modified’ AVH was used to adjust the mammalian 60,, a value that
is based on an average venous hematocrit of 45 %. The value of D; 0, ,, deter-
mined using the avian 60, (Nguyen-Phu et al. 1986) was lower than that
determined by adjusting the mammalian 60, (Maina et al. 1989a).

There is a need to streamline the methodology of modeling gas exchang-
ers. Unsettling differences occur in the approaches applied by different inves-
tigators: Gehr et al. (1981), Abdalla et al. (1982), and Maina (1989b) have deter-
mined the individual and inclusive diffusing capacities; Perry (1978) and
Stinner (1982) have only reported D,0,; and the ratio of the RSA to the thick-
ness of the BGB has been termed ‘anatomical diffusion factor’ (ADF; e.g. Perry
1983). Another unsatisfactory aspect that affects comparison between diffus-
ing capacities of various gas exchangers is that of lack and discrepancy of the
physical constants/coefficients, i.e. K,0,, and 60,: presently, ranges rather
than specific values of D,0,, D,0,, D,,0,,and D, O, are available.

4.6.3
Pros and Cons of Pulmonary Modeling

While the effort involved in generating morphometric data and the uncer-
tainties that exist on the physical constants may dissuade investigators from
carrying out comprehensive modeling of gas exchangers, it important to take
note of the fact that inferences made from individual morphometric parame-
ters, e.g. surface area, volume, and thickness and partial diffusing capacities,
ie. D,0,, D0, and D,0,, may be incorrect especially when the functional
capacities of different gas exchangers are compared. For example, the Hum-
boldt penguin, Spheniscus humboldti, has an exceptionally thick BGB (Maina
and King 1987; Table 5), a feature that gives low mass-specific D,0,. However,
emanating from a particularly large PCBV, the mass-specific D 0O, is excep-
tionally high (Table 6). Overall, for a flightless bird, high DO, boosts the
D,0,,, to equal or exceed that of certain other supposedly more energetic
birds. In the particular case of the Humboldt penguin, if one examined only
the thicknesses of the BGB and the PL or estimated partial conductances, i.e.
D,0,,D,0,,and D,,0,, the conclusion would inevitably be that the bird’s lung
is structurally inferior, compared to those of most other birds of similar body
mass.



5
Comparative Respiratory Morphology

Amongst animals, diversity of form and of
environmental circumstances has given rise
to a multitude of different adaptations sub-
serving the relatively unified patterns of cel-
lular metabolism. Nowhere else is this state of
affairs better exemplified than in the realm of
respiration. Jones (1972)

5.1
General Observations

Essentially, respiratory organs grant an interface between O, in the external
environment and the aerobic machinery of the body. The design and con-
struction of a gas exchanger, i.e. the assembly and sizing of its formative com-
ponents, determine the efficiency of procurement of O, and hence the meta-
bolic capacity of an animal. Factors such as body size, sex, season, habitat
occupied, respiratory medium utilized, phylogenetic status, and lifestyle pur-
sued collectively prescribe the structure and function of the respiratory
organs. Conspicuous morphological heterogeneity occurs in the modern ver-
tebrate lungs. However, at their actual point of operation, i.e. at the gas
exchange level, remarkable structural and functional similarities occur. For
example, the surfactant lines the respiratory surface (e.g. Pattle 1976), a three-
ply (tripartite laminated) design of the BGB is ubiquitous (e.g. Maina and
King 1982a; Maina and West 2005), and the flux of respiratory gases (O, and
CO,) occurs entirely by passive diffusion under P maintained by ventilation
and perfusion of the respiratory organ (e.g. Forster 1996). The uniformity
between the morphologies of the gas exchangers, i.e. structural convergence,
in remarkably phylogentically diverse animals intimates that: (1) similar
selective pressures obligated and directed the evolution of respiratory organs,
and (2) only specific structural designs can efficiently exchange respiratory
gases. Additionally, the structural-functional correlations in the designs of
gas exchangers can be explained by the facts that: (1) at ordinary tempera-
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tures and pressures under which animals evolved, only two respiratory fluid
media, water and air, have existed - gas exchangers were dedicated to utilize
one or the other and rarely both of the media, and (2) since the movement and
transfer of respiratory gases in both water and air are fundamentally gov-
erned by immutable laws of physics and chemistry, the structural require-
ments for gas exchange must basically be the same, irrespective of existing
phylogenetic differences. Structurally, gas exchangers must have: (1) a vast
RSA, (2) large PCBV, and (3) thin BGB separating the respiratory media: these
properties optimize the diffusing capacity for the respiratory gases. Extensive
RSA is generated by programmed branching of the pulmonary airway and
vascular systems (branching morphogenesis); large PCBV by intense anasto-
moses and vascularization of the terminal respiratory units, the BCs; and thin
BGB by qualitative and quantitative changes of the tissue and cellular compo-
nents lining the airway and vascular systems (e.g. Weibel 1984).

At all levels of biological organization, from cellular through organic to
organismal levels, morphology is the outward manifestation of form, size,and
arrangement of the constitutive structural elements while function is the
expression of multiple minuscule events generated at different levels of struc-
ture. Structure and function impact strongly on each other and hence are
inextricably interrelated (e.g. Weibel 1984,2000; Maina 2002b). The enterprise
of developing optimal, i.e. cost-effective, structures through evolution and
adaptation has not been easily achieved: about 99.99 % of the animal species
that ever evolved in the about 4 billion years that life has existed on earth are
now extinct (e.g. Pough et al. 1989). Regardless of the factor(s) that directly or
indirectly precipitated their demise, unprepared as they were, evolutionary,
such animals may be considered to have been failed experiments. In both
human and biological engineering, only certain structural designs can per-
form optimally under a given set of conditions. To perpetuate fitness for sur-
vival, once novel states are founded, they are passionately defended and ulti-
mately genomically conserved.

The objective of this chapter is to sketchily illustrate the structural and
functional similarities and differences between the avian respiratory system
(the lung-air sac system) and those gas exchangers that have evolved in some
air-breathers. Comparisons with the mammalian lung have been made at dif-
ferent points in the earlier chapters and are hence not repeated here. It will be
emphasized that the similarities that exist between the designs of gas
exchangers are not solely determined by phylogenetic status: features such as
body mass, lifestyle, and habitat are meaningfully consequential.
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5.2
Comparison of the Structure of the Avian Respiratory System
with Those of Some Other Animals

5.2.1
Dipnoan Lung

From their bimodal mode of respiration, the focal systematic position that
they occupy, and a fascinating natural history, lungfish (Dipnoi) are impor-
tant animal models in studies of tetrapod evolution and respiratory adaptive
biology. Evolved some 300 million years ago (Thompson 1971; Marshall
1986a), the discovery of the South American lungfish, Lepidosiren paradoxa,
and the African lungfish, Protopterus, almost concurrently nearly two cen-
turies ago, i.e. 1830s (see Marshall 1986a), and later that of the Australian
lungfish, Neoceratodus forsteri, about one and a half centuries ago (Krefft
1870), prompted intense interest and controversy on tetrapod evolution, a sci-
entific debate that has since only been matched by the much later discovery in
the 1920s of the archaic coelacanth, Latimeria chalumnae, dubbed a ‘living
fossil’ (Smith 1956). Out of an estimated 55 extinct genera and 112 species,
now there are only 3 genera and 6 extant species of lungfish (Marshall
1986a,b).

Shift from water to land is one of the momentous events that have taken
place in the evolution of the animal life (e.g. Schmalhausen 1968; Little 1990).
The realization of air-breathing was a decisive event in a sequence of purpose-
ful preadaptations that occurred for preparation for life on land. Transactions
that entailed change from gill to lung breathing and establishment of intricate
neural coordination between respiration and circulation were an imperative.
Ancient fish like the lungfish and the bichir and three-quarters of the modern
fish that live in the tropical and subtropical waters to various extents breath
air (e.g. Munshi and Hughes 1992; Graham 1997). This indicates that the selec-
tive pressures that compelled air-breathing were most severe in the tropical
and subtropical regions of earth or under such conditions. Increasing envi-
ronmental temperatures reduced the solubility of O, in water, increased the
rate of decay of plant organic matter, and caused the shallow and extensive
continental shelves to shrink and ultimately dry up. The consequence of this
cycle of events was congestion and competition for fast diminishing
resources. With increasing levels of O, above (in the atmosphere) and a
hypoxic crisis below (in water), especially in standing plant infested waters of
the hot tropical regions (e.g. Carter and Beadle 1930), the switch from water-
to air-breathing became of the essence rather than a choice. When accompa-
nied by hypercapnia, hypoxia constitutes a very strong driving force that
induces air-breathing (e.g. Jensen and Weber 1985).

The structure and function of the lung of Lepidosiren paradoxa was stud-
ied by, e.g., Hughes and Weibel (1976), those of Protopterus by, e.g., De Groodt
et al. (1960), Klika and Lelek (1967), Kimura et al. (1987), Maina and Maloiy
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Fig. 90. A,B Lung of the lungfish, Protopterus aethiopicus and the caecilian, Boulengerula
taitanus, showing an air duct (AD) and circle (B) surrounded by air cells (AC). Tr Trabecu-
lae. Scale bar A, 2 mm; B, 0.5 mm. C Cast of a lung of B. taitanus showing a well-developed
right lung (RL) and a vestigial left one (LL). Arrow Pulmonary artery. Scale bar 1 mm.
D,E Lungs of frogs, Xenopus laevis and Chiromantis petersi, showing internal subdivision
(arrows). Scale bars 1 mm. F,G Lungs of a chameleon, Chameleo chameleon, and monitor
lizard, Varanus exanthematicus, showing greater intensity of subdivision cranially (circle)
and poor subdivision caudally (square). Arrow Distal dilatations of the lung. Scale bars
2 mm. A from Maina (1987); B from Maina and Maloiy (1988); C from Maina (1998); E from
Maina (2002a); G from Maina et al. (1989b)



5.2 Comparison of the Structure of the Avian Respiratory 163

Fig. 91. Views of the respiratory surfaces of the lungs of the lungfish, Protopterus aethiopi-
cus (A, B), pancake tortoise, Malacochersus tornieri (C), and the monitor lizard, Varanus
exanthematicus (D). The hierarchical pattern of internal subdivision is similar in the lungs
of the three groups of animals. As in the lungs of the tortoise and the lizard, the blood cap-
illaries are exposed to air only on one side of the septa that divide the air spaces, a double
capillary arrangement. Sp Septum. Scale bars A, C, D 0.5 mm; B 50 pm. A, B from Maina
(1987); C, D from Maina et al. (1989b)

(1985) and Maina (1987), and those of Neoceratodus forsteri by, e.g. Grigg
(1965), Gannon et al. (1983), and Power et al. (1999). Generally, the lungs are
tubular in shape and internally subdivided (Figs. 90A and 91A). The air cells
(faveoli) are delineated by hierarchically arranged septa and open into an
eccentrically located air-duct (Fig. 90A). In P. aethiopicus, the intensity of
internal subdivision of the lung decreases proximal-distally (Maina and Mal-
oiy 1985), with the terminal end being less well vascularized. To a certain
degree, the somewhat cylindrical lungs of the Dipnoi resemble an individual
PR of the avian lung. Moreover, the morphological heterogeneity of the lung,
where the proximal part is intensely subdivided while the distal one is rela-
tively smooth, corresponds with that of the avian respiratory system where
the intensely compartmentalized lung (parenchyma) and the ASs that are
smooth and transparent have been effectively separated. In the dipnoan lung,
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the blood capillaries are exposed to air only on one side (e.g. Maina and Mal-
oiy 1985), a configuration that constitutes a ‘double capillary arrangement’
(Fig. 91B). The lungs are lined by a surfactant (e.g. Hughes and Weibel 1976;
Maina and Maloiy 1985) that contains both surfactant A and surfactant B like
proteins (Power et al. 1999) and the pneumocytes are not differentiated into
type I and II cells (e.g. Maina and Maloiy 1985; Maina 1987).

5.2.2
Amphibian Lung

Life at the air-water interface obligates compromise physiological and mor-
phological adaptations. Multiple respiratory structures correspond with the
diverse habitats occupied and the metamorphosing amphibian pattern of
development. During embryonic and larval stages, gills are the singular gas
exchangers. The lungs take over the respiratory role during juvenile and adult
life stages. The amphibian lungs are generally simple, saccular (Fig. 90B-E;
e.g. Burggren 1989; Maina 1989 c). They are satisfactory in supplying O, to
ectothermic animals with characteristically low MR (e.g. Feder 1976; Gui-
mond and Hutchison 1976). Furthermore, O, can be acquired across an
assortment of respiratory sites that include skin and buccal cavity. The degree
of vascularization of the amphibian lungs and skin correlates with the level of
terrestrialness and behavior (e.g. Stinner and Shoemaker 1987; McClanahan
et al. 1994). In the predominantly aquatic species, the skin is the primary res-
piratory pathway while in the more terrestrial ones it is has been downgraded
or rendered totally superfluous. In the latter case, the lung serves as the pri-
mary respiratory organ.

Among the modern amphibians, three orders occur. These are the highly
elusive (fossorial or aquatic), vermiform, tropical caecilians (Gymnophiona=
Apoda=caecilians), the frogs (Salentia=Anura), and salamanders (Caudata
=Urodela). The morphologies of the lungs vary between taxa and species. The
caecilians have simple, particularly long, tubular, internally divided lungs (e.g.
Maina and Maloiy 1988; Fig. 90B,C). In the African caecilian, Boulengerula tai-
tanus, the left lung is vestigial (Maina and Maloiy 1988; Fig. 90C) while, in the
aquatic Typhlonectes compressicauda, as many as three functional lungs
develop (Toews and Maclntyre 1977). The lungs of B. taitanus are supported by
diametrically placed trabeculae from which septa attach to delineate respira-
tory air spaces (Maina and Maloiy 1988; Fig. 90B). The lungs of Necturus and
Cryptobranchus are thin-walled, poorly vascularized, and nonsepted (e.g. Gui-
mond and Hutchison 1973). Generally, the lungs of anurans and apodans are
more complex than those of the urodeles (e.g. Smith and Rapson 1977; Meban
1980; Fig. 90D,E). For example, the highly terrestrial species, e.g. the toad, Bufo
marinus (Smith and Rapson 1977; Meban 1980), and the tree frogs, Hyra
arborea (Goniakowska-Witalinska 1986) and Chiromantis petersi (Maina
1989 c), have relatively well internally subdivided lungs (Fig. 90D, E): a central
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air duct opens into hierarchically arranged septa that delineate the air spaces.
The air cells range in diameter from 1.45 mm in Rana pipiens to 2.3 mm in Bufo
marinus and Rana catesbeiana (Tenney and Tenney 1970).

The RSA in the lungs of the more terrestrial amphibian species is greater
than that in the lungs of the more aquatic ones (Tenney and Tenney 1970). The
newt, Triturus alpestris, has rather smooth-surfaced lungs (e.g. Czopek 1965)
with 569 capillary meshes per cm? (Matsumura and Setoguti 1984), while the
relatively more metabolically active tree frog, Hyla arborea (Goniakowska-
Witalinska 1986), has more complex lungs with 652 capillary meshes per cm?
(Czopek 1965). Plethodontid (lungless) salamanders, a taxon that constitutes
the largest family among the Caudata, derive their O, needs from the cold,
well-oxygenated water that they live in entirely across a highly vascularized
skin: the length of the BCs in the skin forms about 90 % of all blood vessels on
the respiratory surfaces, with the remainder being in the buccal cavity
(Czopek 1965). In two species of Salentia that subsist in well-oxygenated high
mountain lakes, Telmatobius and Batrachophrynus, the lungs are very small,
the skin is highly vascularized, and the epidermis is very thin (e.g. Martin and
Hutchison 1979). The lungs of Pipa pipa and Xenopus laevis are strengthened
by septal cartilages that preserve the patency of the air-passages (e.g. Marcus
1937; Goniakowska-Witalinska 1995). Differentiated pneumocytes as well as
dust cells (free=surface phagocytes) occur on the respiratory surface of some
amphibian lungs (e.g. Welsch 1983; Maina and Maloiy 1988). On average, the
thickness of the BGB in the lungs of the urodeles is 2.59 pm, in apodans
2.35 pm, and in anurans 1.89 pum (Meban 1980). Some parts of the BGB of the
lungs of the caecilians, Chthonerpoton indistinctum and Ichthyophis paucesul-
cus,are only 1 um thick (Welsch 1981) while in the tree frog, Hyla arborea, the
BGB is as thin as 0.6 um (Meban 1980).

5.2.3
Reptilian Lung

Through multiple adaptations that included development of an impermeable
surface covering that averted risk of desiccation on land, reptiles were the first
vertebrates to become adequately adapted for terrestrial habitation. With the
skin rendered redundant as a respiratory site, the lung became the sole gas
exchanger. The lungs of reptiles display remarkable morphological hetero-
geneity (e.g. Perry 1983,1989a,1992; Maina 1989a; Maina et al. 1989b,1999). In
the more advanced species of snakes, e.g. Colubridae, Viperidae, and Elapidae,
the left lung is vestigial and in some cases is totally missing while, in the primi-
tive species, e.g. the boas and the pythons, the left and right lungs are equally
well developed (e.g. Luchtel and Kardong 1981; Maina 1989a). In the Amphis-
benia, the right lung is very small (Gibe 1970) while, in the order Squamata, sin-
gle-chambered lungs preponderate, particularly in families such as Teiidae
(Perry 1989b), Scindae (Klemm et al. 1979), Lacertidae (Meban 1978), and
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Gekkonidae (Perry et al. 1989). Exceptionally simple lungs occur in the family
Angioidea (Gibe 1970).In view of the fact that the lungs of the more primitive
species of reptiles are more homogenous, morphological heterogeneity of the
lung appears to confer certain functional advantage. The gas ET is more
intensely subdivided in the proximal parts of the lung while the distal ones are
sparsely subdivided and in some cases are smooth and saccular (Fig. 90EG).
While the greatest extent of separation of the respiratory (the gas exchange)
and the gas storage/ventilatory sites occurs in the avian respiratory system -
the lung-air sac system, such dissociation is generally evident in the reptilian
lung.

Based to a large extent on the degrees of internal subdivision, various cate-
gories of the reptilian lungs have been formulated (e.g. Duncker 1979b;
Hlastala et al. 1985): the multicameral lungs are intensely subdivided and
occur in, e.g., turtles, monitor lizards, crocodiles, and snakes (e.g. Perry and
Duncker 1980; Perry 1988; Maina 1989a; Maina et al. 1989b, 1999); the pauci-
cameral lungs are less elaborate and occur, e.g. in the chameleons and the
iguanids; while the unicameral ones are simple, saccular, and smooth-walled
and occur in, e.g. the lungs of the teju lizard, Tupinambis nigropunctatus (e.g.
Klemm et al. 1979; Perry 1983). While to a certain extent useful, this classifica-
tion is very simplistic since transitional forms exist. The land-based cheloni-
ans and lacertids have paucicameral lungs: the lungs lack an intrapulmonary
bronchus and have two or three hierarchical air-cells that open into a central
air-conduit (Fig. 91C). In a certain manner (Fig. 92A-C), such lungs resemble
the individual PR of the avian lung (Figs. 52A; 55; 92D). Marine reptiles have
multichambered, bronchiolated lungs (e.g. Solomon and Purton 1984; Pastor
et al. 1989). The elongated lungs of the snakes (Ophidia) and the amphis-
baenids are divided into two zones: the anterior (respiratory) region is highly
vascularized while the posterior one is saccular and avascular (e.g. Kardong
1972; Klemm et al. 1979; Stinner 1982; Maina 1989a; Pastor 1995). In the croc-
odilian lung, much of the parenchyma (the gas ET) is found in the anterior
two-thirds of the lung where blood comprises 38-50 % of the total volume of
the region (Perry 1988). The less vascularized posterior part of the lung is
envisaged to store air (e.g. Heatwole 1981), serve a hydrostatic role (Graham et
al. 1975), and conceivably mechanically ventilate the ET in the anterior region
of the lung. Although conclusions must be made cautiously, from the above-
mentioned morphological attributes of the reptilian lung, it is valid to sur-
mise that, to an extent, structurally, the avian lung is more-or-less a complex
reptilian lung: stacks of parabronchi (=many multicameral reptilian lungs;
Fig. 92A,B) form the bulk of the avian lung and complete disengagement of
the respiratory and nonrespiratory parts has been accomplished. It remains
unclear whether this outcome arose entirely by evolutionary progression or
was a functional imperative.

The BALu (mammalian) lung and the PRLu (avian) one are presumed to
have evolved from transformation of the reptilian multicameral lung (e.g.
George and Shah 1956; Duncker 1978; Becker et al. 1989; Perry 1989b, 1992).
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Fig. 92. A, B Cross-sectional views of cast of the lung of the sand boa, Eryx colubrinus,
showing a central air duct (CD; circled). F Faveolus; PA pulmonary artery. Scale bars 1 mm;
C Faveoli (F) of the lung of the sand boa separated by interfaveolar septa (IFS). Scale bar
0.5 mm. D Starks of parabronchi (PR; circled) of the lung of the domestic fowl, Gallus gallus
variant domesticus, showing the similarity of the lung of the snake (A, B) with that of a sin-
gle parabronchus of the bird lung. Scale bar 3 mm. A-C from Maina et al. (1999)

Having probably arisen from thecodonts or coelurosaurs in the Triasic (e.g. de
Beer 1954; Ostrom 1975), birds have comparatively recent evolutionary con-
nection with reptiles. It is therefore reasonable to expect the anatomy of birds
to include reptilian features. Among the living reptiles, crocodiles are closest
to birds (e.g. Pough et al. 1989): among reptiles, the crocodilian lungs are the
most complex (Perry 1988). As the mammalian line departed from the reptil-
ian-bird line at a very early stage in the evolution of the higher vertebrates
(e.g. Romer 1966; Bakker 1971), the phylogenetic relationship of mammals to
modern reptiles is relatively more remote. Consequently, anatomically, birds
and mammals show only general similarities. It has been speculated that the
innate structural-functional inadequacies of the reptilian lungs may have
largely hindered reptiles from attaining endothermic-homeothermy (Perry
1989a,b), consigning their metabolic capacities to well below those of birds
and mammals. At a temperature of 37 °C, a lizard weighing 1 kg consumes O,
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atarate of 122 ml O, h-!,a value that is only 18 % of the VO, . of an equivalent-
sized mammal (Bennett and Dawson 1976). Varanids (monitor lizards) pre-
sent the greatest degree of pulmonary structural complexity in the suborder
Sauria: Varanus exanthematicus and the pancake tortoise, Malacochersus
tornieri, have multichambered lungs with bifurcated intrapulmonary bronchi
and profuse internal subdivision (Perry and Duncker 1978; Maina et al.
1989b). The simple lungs in Sphenodontia structurally correspond to those of
amphibians and lungfish. Such lungs have a central air-duct that opens into
peripherally located, shallow respiratory air spaces that are poorly vascular-
ized. The upper air passages of the reptilian lungs are lined by ciliated and
mucus-secreting epithelial cells (Luchtel and Kardong 1981; Maina 1989a). In
the more advanced species, the pulmonary epithelial cells are conspicuously
differentiated into type I (squamous=smooth), type II (cuboidal=granular;
e.g. Luchtel and Kardong 1981; Maina 1989a; Perry et al. 1989; Daniels et al.
1990), and type III (brush) pneumocytes (Gomi 1982). A rare mitochondria-
rich cell has been described in the lung of the turtle, Pseudemys scripta (Bar-
tels and Welsch 1984). Dust cells (surface macrophages) occur in the reptilian
lungs, e.g. in the turtle, Testudo graeca (Gomi 1982). Reptilian lungs are lined
by a surfactant (Daniels et al. 1990), have a ‘double capillary arrangement’, i.e.
blood capillaries are exposed to air on one side (e.g. Maina 1989a), and a pre-
ponderance of smooth muscle tissue (e.g. Perry 1988). In the tegu and the
monitor lizards, respectively, pulmonary smooth muscle tissue constitutes
7.4% and 1.3 % of the nontrabecular tissue (e.g. Perry 1981; Pastor et al. 1989).
Smooth muscle tissue is involved in promoting intrapulmonary convective
movement of air (Perry and Duncker 1980; Carrier 1987).

5.2.4
Insectan Tracheal System

Among the air-breathing animals, the insects have evolved an exceptional res-
piratory system. The tracheal system is astonishing both for its structural
simplicity and functional efficiency. In fine-tuning almost past belief, the cir-
culatory and respiratory systems have been totally disengaged, with the for-
mer being relegated from meaningful respiratory role: O, is delivered from
the atmosphere directly to the body tissues and cells (e.g. Buck 1962). The
APO, between the tracheoles (terminal trachea), structures analogous to ver-
tebrate blood capillaries, and the tissue cells is about 5.3 kPa (39.8 mmHg;
Weis-Fogh 1964a, 1967) compared with that of no more than 0.3 kPa
(2.3 mmHg) at the mitochondrial levels of the mammalian tissues (e.g. Wit-
tenberg and Wittenberg 1989). In adult Aphelocheirus, between the spiracles
and the tracheoles, the PO, drops by only 0.3 kPa (2.3 mmHg; Thorpe and
Crisp 1941). The tracheal system can supply ten times more O, per gram tis-
sue than the blood capillary system (Steen 1971). Ectodermal invaginations,
spiracles, are the portals of entry of air into the body. In mechanical terms, the
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spiracular valve corresponds to a carburetor while the trachea match a com-
pressor and an exhaust pipe.

Although best developed in insects, tracheal respiration has evolved in
various animal taxa. These include the Onychophora (Peripatus), Solifugae,
Phalangidae, some Acarina, Myriapoda, and Chilopoda. The bodies of tra-
cheates are suffused by fine air-filled conduits. In small and relatively inac-
tive insects and arachnids, the tracheal system may be simple but, in larger
and more energetic species (e.g. wasps and bees), it is highly developed (e.g.
Wigglesworth 1965). In such cases, the system comprises of a maze of longi-
tudinal and transverse branches that connect to ASs (Fig. 93A,B). Deter-

Fig. 93. A Air sac (AS) of the respiratory system of a grasshopper, Chrotogonus senegalensis.
MT Malphigian tubules. Scale bar 2 mm. B Trachea of the grasshopper showing longitudi-
nal trachea (LT) and transverse trachea (TT). The trachea arise from the spiracles (dashed
circles). MT Malphigian tubules. Scale bar 1 mm. C Trachea directly supplying air to the
flight muscle (FM). Scale bar 1 mm. D Close-up of a trachea (Tr) showing the supporting
taenidia (arrow). Scale bar 0.5 mm. E Tracheal (Tr) air supply to the abdominal muscles
(AM). Rectangles Trachea entering muscle. Scale bar 1 mm. (Maina 1989d)
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mined by factors such as age and developmental stage, the entire respiratory
system in insects (trachea, tracheoles, and ASs) may constitute as much as
50 % of the whole body volume (Steen 1971). In the silkworm, Bombyx mori,
the tracheoles are 1.5 m long (Buck 1962): in a 5.7-g worm with a volume of
491 g1, about 5% of the body volume comprises of the trachea (Bridges et
al. 1980). In the adult cockchafer, Melolotha, the trachea comprise a volume
of 5851 g! (Demoll 1927). The volume of trachea in a 5-g Cecropia pupae is
about 250 mm? (Kanwisher 1966). In the flight muscle of the locust, between
10! and 10-3 (volume of the trachea per volume of muscle) is formed by the
tracheal system (Weis-Fogh 1967). In much the same process as that between
capillarization of tissues and metabolic activity in vertebrates, in insects, the
development of the tracheal system is largely determined by factors inher-
ent in the target tissues (Locke 1958a-c). These include the metabolic
requirements of different organs/tissues (Edwards et al. 1958; Locke 1958b)
and the degree of hypoxia prevailing in particular organs and parts of the
body (Edwards et al. 1958; Wigglesworth 1965; Steen 1971). In the legs of the
spiders of the family Uloboridae that are actively used for web monitoring
(Opell 1987), the trachea are particularly well developed. In larval meal-
worms, Tenebrio molitor, hypoxia influences tracheal growth and develop-
ment. At an ambient PO, of below ~10 kPa, wider trachea form (Loudon
1989).

The tracheas are simple, noncollapsible hollow tubes that are strengthened
by endocuticular spiral or annular chitinous thickenings, the taenidia
(Fig. 92C,D). The smallest divisions of the trachea, the tracheoles, may be as
small as 0.2 um in diameter as they approach the tissue cells (Fig. 94). In
highly metabolically active tissues, the terminal tracheoles reportedly indent
cells more-or-less in a manner of jabbing a finger onto the surface of a balloon
(Steen 1971). In the flight muscle, the tracheoles are never more than
0.2-0.5 pm from a mitochondrion and in some tissues they may lie as close as
0.005 pm (Wigglesworth and Lee 1982; Maina 1989d). Commonly, mitochon-
dria cluster around terminal tracheoles (Fig. 93C), forming what was termed
‘mitochondrial continuum’ by Edwards et al. (1958). In the flight muscle, the
tracheoles may surround single muscle fibrils (Krogh 1941). The tracheoles
terminate blindly (Richards and Korda 1950) but anastomosis was reported
by Buck (1948). Estimations made on the tracheal system of the giant Cossus
larva (mass 3.4 g,length 60 mm) gave a total cross-sectional surface area of all
trachea supplying the tissues of 6.7 mm?, with an average length of 6 mm
(Krogh 1920a,b): O, diffuses at a rate of 0.3 mm? s-! at a APO, of 1.5 kPa
(11.3 mmHg), a value considered to be more than adequate even during mus-
cular exercise. The terminal tracheoles contain fluid (Wigglesworth 1953,
1965). The extent of filling depends on the state of activity: endotracheal fluid
is removed osmotically by increased concentration of end-products of metab-
olism in the interstitial spaces. During exercise and exposure to hypoxia, the
air-fluid interface advances closer to the tissue cells as the interstitial fluid is
drawn upstream of the peripheral tracheoles and into the cytoplasm of the
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Fig. 94. A Trachea (Tr) supplying air to flight muscle (MT) of a locust, Locusta migratoria.
Scale bar 20 pm. B Close-up of a trachea overlying the flight muscle (MT). Mc Mitochondria.
Scale bar 0.5 pm. C Mitochondria (Mc) clustered around a tracheole (7t). Scale bar 0.25 pm.
D-F Trachea (Tr) are formed by tracheoblasts (Tb). Mc Mitochondria. Scale bar 0.5 um. A, F
from Maina (1998)
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surrounding cells by active ion transport. The movement shortens the diffu-
sional pathway for the respiratory gases, enhancing gas-exchange efficiency.
During resting conditions, the process is reversed when the acidic metabolites
are eliminated.

The design of the respiratory system of insects, the tracheal-air sac sys-
tem, provides a novel mechanism of delivering O, to the body tissues and
cells. It is incredibly cost-effective. In trade-off, however, insects paid a heavy
price. The intrinsic limitations of diffusion and the large mechanical venti-
latory forces needed to move air at high rates through copious, narrow con-
duits have consigned insects to small body sizes of which adaptive progress
to states like endothermy were untenable. The average tracheolar length for
optimal diffusion is 5-10 mm and the minimum diameter is 0.2 pm (Krogh
1920a,b; Weis-Fogh 1964a). Tracheates that utilize diffusion as the only mode
of moving respiratory gases include the Onychophora (Peripatus), the tra-
cheate Arachnoidea, Myriapoda, and Chilopoda, almost all terrestrial insect
larvae, and all pupae and most of the small imagines. This is made possible
by the relatively rapid diffusion of O, in air: the process would be inadequate
if the trachea were fluid-filled. The largest insect that ever lived is reportedly
the tropical dragonfly-like Meganeura, of the Carboniferous. It reached a
body length of 30 cm, a wingspan of 60 cm, and a body thickness of 3 cm
(Krogh 1941). The largest modern insects are the tropical beetles which may
be as long as 15 cm. The stick insect, Dixippus morosus, suitably displays the
trade-offs and compromises, mainly regarding size and shape, that have
been compelled by the diffusional distance and ventilatory capacities. While
a house-fly that weighs about 15-20 mg does not need to ventilate the tra-
cheal system, a bee that is more energetic and weighs about 100 mg has to
do so constantly. In insects such as locusts, dragon-flies, and cockroaches, at
rest, well-synchronized abdominal and to a lesser extent thoracic ventila-
tions occur (Brocher 1931). Whereas at rest no ventilatory movements take
place in the cockroaches Peripaneta and Blatella, during flight, when VO,
increases 10-100 times, wing movements compress the thorax, ventilating
the trachea and the ASs (Brocher 1920; Portier 1933). During steady flight, in
the desert locust, about 3201 kg! h-! of air with an average tidal volume of
167 cm? and frequencies of 30- 60 times min! is pumped into the tracheal
system by abdominal and thoracic pumping, with the intratracheal pressure
increasing from 0.9 to 3.3 kPa (6.8-24.8 mmHg) at the peak of abdominal
contraction (Miller 1960; Weis-Fogh 1967). The giant beetle, Petrognatha
gigas, has a ventilatory rate of about 20001 kg-! h-! (Miller 1966).

Through synchronized activity of the spiracles, particularly among the
Orthoptera, the trachea are ventilated unidirectionally (e.g. Fraenkel 1932;
Weis-Fogh 1964a,b, 1967). In the honey bee, the flow is unidirectional during
flight (Bailey 1954) and, in Sphodromantis, 95 % of the inhaled air passes uni-
directionally while only 5% of it passes tidally (Miller 1974). In the cock-
roaches Periplaneta and Blatella, tidal ventilation only occurs during stress
while in other roaches, Byrsotria, Blaberus, and Nyctobra, anteroposterior
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ventilation occurs during rest (Buck 1962). In the avian lung (Chap. 3.11), uni-
directional and continuous ventilation occurs in the PPPR while the air flow
in the NPPR is bidirectional (e.g. Scheid 1979; Fedde 1980). In both birds and
insects, unidirectional air flow minimizes or eliminates dead space, enhanc-
ing respiratory efficiency. In some large insects, even abdominal pumping is
inadequate for supplying O, to the long muscles of the legs. In the grasshop-
per, the concentration of O, in the tibial tracheae is relatively high in the rest-
ing state (16 %) but drops to 5 % during physical exertion (Krogh 1913).In the
harvestmen (Opiliones), special spiracles have developed on the legs (Hansen
1893) to overcome the diffusion and convective limitations. Akin to birds, ASs
are an important part of the insectan respiratory system: in insects, they
increase the tidal volume by as much as 70 % of the total air capacity (Bursell
1970) and reduce the longitudinal diffusion gradient for O, through the gas-
exchange pathway. The ASs are well developed in Diptera and Hymenoptera
but are absent in the subclass Apterygota. In cicada, Fidicina monnifera,
together with the tracheal system, the ASs constitute 45 % of the body volume
(Bartholomew and Barnhart 1984).

5.3
Conclusions

The similarity between the development (the two gas exchangers form by
invagination), structural (ASs increase tidal volume, ASs are actively involved
in ventilating the gas exchangers, and the terminal tracheoles to a certain
extent morphologically resemble the ACs), and functional (unidirectional
ventilation at the gas exchange level) designs of the avian and the insectan
respiratory systems, animals separated by some 100 million years of evolution
(e.g. Miller and Orgel 1974), is astounding. Clearly, this is a classical case of
convergence where analogous structural and functional solutions were engi-
neered to accomplish and support a common enterprise - flight. To supply the
large amounts of O, for volancy, exceptionally efficient respiratory systems
were an imperative (Maina 1997, 2002b). Owing to their disparate phyloge-
nies, birds and insects have utilized different resources to fabricate efficient
respiratory devises.

In closing, it is important to underscore the fact that the designs that have
evolved in birds and insects were not a prerequisite for flight. Some 100 mil-
lion years after birds (e.g. Yalden and Morris 1975) and some 300 million years
after insects (e.g. Wigglesworth 1965; Miller and Orgel 1974), bats (Order:
Chiroptera) evolved flight (e.g. Thewissen and Babcock 1992) by structurally
highly refining the mammalian lung (e.g. Maina et al. 1982b, 1991; Maina and
King 1984). In addition these refinements, parameters/features like one-to-
one synchronization between wing-beat frequency and respiratory cycles
(e.g. Suthers et al. 1972; Thomas 1981; Carpenter 1986), enormous hearts that
provided large cardiac output (e.g. Snyder 1976; J rgens et al. 1981), and high
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hemoglobin concentration, hematocrit, and O,-carrying capacity (e.g.
Riedesel 1977; Black and Wiederhielm 1976; Wolk and Bodgdanowicz 1987),
contributed to delivery of the large amounts of O, needed for active flight.
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- air sac system 4,11,65,66,116,117,
123,160

Lungfish 152,161,168

Lysosome 113,116

M

Mammal 2-5,24,26,27,31,51,53, 54, 56,
58,66,74,78,81,95,96,101,107,111,
112,128, 145-149, 151,152,156, 157,
160, 166-168,178

Mammalian lung 4, 14,15, 31, 51, 54, 56,
58, 66,74,78,81,95,96,101,107,111,
145,147,148,152,156,160,173

Mouse 5,8,56,63

Mt Everest 10

Mucociliary escalator 113

Mucus 168

Mucus gland 77

Multicameral lung 166

Muscle 4,6,7,9,11,48, 60,99, 123,168,
170,173

Myotis 4,5

N

Neoceratodus fosteri 161,163
Neopulmo 22,81,99-101

Nerve plexus 99

Nonflying mammals 128,149,151, 156
Nonrespiratory site 95,166
Nonsmoker 112

(0]

Oblique septum 97

Ostia 35, 66,98,99,117

Ostrich  3,6,79,92,97,101, 111, 123, 145,
147,149,150

Oxidative metabolism 111
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Subject Index

Oxygen 7,8,10,11,15,104, 106,123,125,
154-157,159, 161, 164, 165, 167, 168,
170,172-174

Oxygen carrying capacity 174

Oxygen consumption 4,5,8,10,115, 156,
168,172

P

Paleolulmo 22,81,100

Pantodon buchhotzii 5

Parabronchial:

- gas 104,106

- lumen 19,22,79,81,99,104, 106,111

- lung 14,15, 26, 28,31, 166

Parenchyma 21, 27,46, 145,147, 151, 163,
166

Passeriform species 9,79, 80,97

Passerine 4,9,101,151

Paucicameral lung 166

Pectoral girdle 6,8,9,97-99,117,148-150

Pectoralis muscle 6

Pelican 6
Penguin 6,79,92,97-99, 149, 152, 157
Perfusion 13,156,159

Pericytes 60

Perikarya 52,94

Peritoneal cavity 96,97,111

Permeation coefficient 154,155

Phyllostomus hastatus 5

Phylogenetic 73,128, 159,160, 167,173

Physiological diffusing capacity 156

Pigeon 5,9,15,30,81,97,98,101, 107,112

Pipistrellus 9,149

Planum anastomotica 81,100

Pleistocene 6

Plethodontid salamander 165

Pneumatic space 128

Pneumocyte 23,56, 94,164,165, 168

Polymorphonuclear leukocyte 113

Precocial 26,28,30

Pressure 1,2,4,10,52,118,125,149, 159,
160,161,172

Primate 3

Primitive species

Primordia 34

Progenitor cell 45,53, 60

Protopterus aethiopicus 161

Pseudostratified 75,99

Pteropus hastatus 5

Pulmo reteformis 100

165,166

Pulmonary:

- air way 160

- artery 48,74

- blood capillaries 95

- capillary blood 106, 151-153,155,157,
160

— circulation 45,47

- circulatory system 35,48

- defence 111,114

- development 53

- disease 111

- endothelial cell 59

- epithelial cells 13,14, 168

- epithelium 55,59

- gastransfer 11

- growth 55

- hemorrhage 115

- intravascular macrophage 111

- lavage 111,112

- macrophage 107

- mesenchyme 55

- modeling 154,157

- morphometry 128

- phagocyte 111

- phagocytes 111

- subepithelial macrophage 111

- system 53,60

- vascular system 53

- vasculature 35,48,101,111

- vein 48

Pumping 172,173

Q
Quantitative 60 111,125,128,154,160

Quetzalcoatlus northopi 6

R

Rana pipiens 165

Receptors 53-56,59,61,63,123

Reptile 3,4,128,152,165-167

Reptilian lung 148,165, 166-168

Resident tissue macrophage 107,111,
113,114

Resistance 3,95,123,155,156

Resources 2,161,173

Respiratory:

- alkalosis 101

cycle 117,146,174

fluid media 125, 154, 160

- impedance 96
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- infection 111

- macrophage 107,111

- media 15,125,160

- rate 3,118

- surface 10,15,23,95,96,104,106,107,
111,113,114,116, 151,155,159, 160,
165

- surface area 15,22,24,111, 145, 146,
147,148,149, 151-153, 157,160, 165

- system 3,4,6,11, 14,15, 53,65-67,107,

111,112,115,117,123,128, 146, 160,
163, 166,170,172,173

Rhacopholus dulitensis 5

Rhea 3,6,98

Ribs 16,66, 96,97,128,146

Rodentia 4

S

Saccular stage 26

Sampling 128

Sealevel 10

Secretion 95,113

Segmentum accelerans 66,118

Selective pressure 1,2,4,151,161

Septum 35, 66, 74, 96, 97,152

Shrew 96,148,149

Shunt 117

Signaling 14, 53, 54, 56, 58, 59, 60, 61, 63

Signaling molecules 59

Signals 13,35,53,56

Single capillary system 152

Size 5,8,26,66,76,77,81

Skin 164,165

Smooth muscle 60,90, 123, 168

Snake 5,113,165,166

Soar 1,6

Solubility 155,161

Songbirds 92

Speciation 5

Species  3,4,6,7,9, 15,23, 24, 35, 53, 60,
66,75,78-81,96-102, 111,114,117,
147,149,160, 161, 164

Speed 1,4,5,9,115

Sphincter 65,117

Spiracles 168,172

Splenic macrophage 111

Squamous:

- cell 78,99,149

- epithelium 99

- pneumocyte 94,168

Stem cells 53

Strength 62,149,165, 170

Structural-functional correlation 159

Structural-functional inequalities 167

Structure 3,13,27,35, 48,59, 60, 65-67,
77,81, 96,97,100, 101,115,117, 118,
125,128,154,159-161, 164, 168

Subepithelial macrophage 107

Sulci 16,102, 165

Supracoracoideus 7

Surface:

- area 9,14,15,22,24,111,125,145-149,
151-157,160, 165,170

- density 147,148

- resident macrophage 113,114

- tension 96, 146-148

Surfactant 23,95,96,113,159, 164,168

Swan 6,10,92,128

Swelling 118

Swifts (Apodidae) 9

Syringeal constriction 66,123

Syrinx 97

T

Taedia 170

Terminal gas exchange units 96, 147

Terrestrial 164,165,172

Tetrapod 161

Thermogenesis 4,5, 10, 125,155,161, 167

Thickness 21,52,81,101,149-151,
153-155,157,165,172

Thoroughbreds 115

Through-flow 32,116

Tidal ventilation 116,172

Tissue barrier 125,154,155

Trachea 2

Tracheal epithelium 169

Tracheal respiration 169

Tracheal system 13,15, 55, 56, 168-170,
172,173

Tracheate 169,172

Tracheoles 168,170,173

Trade-off 3,48,172

Transcription factor 53,54,61,63

Transition 48,78,116,125,166

Treadmill exercise 115

Tree-frog 113,164,165

Trilaminar substance 95,96,113

Triosseal canal 7

Tropical 161,164,172

Tubulogenesis 60

Turkey 97,102,112
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Subject Index

Turtle 148,152,168
TypeIcell 23,94
Type Il cell 23,56,59,94,95,168

U
Unicameral lung 166
Urodele 164,165

\'%
Vascular:
- endothelial growth factor 53,54, 59, 60
- formation 14,35
- growth 35,60
- morphogenesis 35
- resident macrophage 111
- system 13,35,45,53,160
- units 46,48, 81
asculoendothelial cell 45,46
Vasculogenesis 36,45,46,48,60,61
Ventilation 10,11, 13,28,32,97,116,117,
156,159,172,173
Ventilatory rate 113,172
Ventricular hypertrophy 116

Vertebrates 1,3,4,8,9,11,13,14,48,52,
56,95,128,149,159,165,167,168,170

Viscera 35,46,97

Volant 1,3,4-6,123,173

Vulture 2,10

w

Water 5,10,48,116,125,154,160, 161,
164,165

Water:

- conservation 116

- vapour 10

- breather 125

- breathing 48

Whale 149

Wing 1-3,6-9,172

Wnt genes 61

X

Xenopus laevis 113,165

Y
Yolk sac 45,63
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