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Abstract

Avian embryos at high altitude do not benefit of the maternal protection against hypoxia as in mammals. Nevertheless, avian
embryos are known to hatch successfully at altitudes between 4000 and 6500 m. This review considers some of the processes
that bring about the outstanding modifications in the pressure differences between the environment and mitochondria of avian
embryos in hypoxic environments. Among species, some maintain normal levels of oxygen consumgi)ima‘(e a high
oxygen carrying capacity, lower the air cell-arterial pressure diﬁereﬂc(g « Paoz) with a constant pH. Other species decrease

Vo,, increase only slightly the oxygen carrying capacity, have a hig’hgzr— Pao, difference than sea-level embryos and lower

the Pco, and pH. High altitude embryos, and those exposed to hypoxia have an accelerated decline of erythrocyte ATP levels
during development and an earlier stimulation of 2,3-BPG synthesis. A higher Bohr effect may ensure higPdtisauae

presence of the high-affinity hemoglobin. Independently of the strategy used, they serve together to promote suitable rates of
development and successful hatching of high altitude birds in hypoxic environments.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction port by which gas is carried from the lung capillaries
to those of tissues; finally, in thessue diffusiorstage,
Respiration involves multiple and well defined steps O, passes from systemic capillaries to the cells. In the
of oxygen (Q) transport from the environment to avian embryo, respiration also requires similar steps
cells. In adult vertebrates, these steps are representeaf O, transport from the environment to the tissues;
by ventilation in which air flows by convection from  however, some differences exist. The first stage reflex
the environment to the alveolar spaces of the lung; the most important difference from that of other verte-
pulmonary diffusionby which G in the alveolicomes  brates, because the lungs of the avian embryo are not
into contact with the alveolar—capillary walls and functional until the end of incubation; hence, this step
passes through them to reach the bldoldpd trans- must rely on diffusion from the environment to the air
cell of the egg. In the second step; Giffuses across
"+ Corresponding author. Tels51 1 319 0019: the shell and the att_ached m_embranes into the capil-
fax: 451 1 319 0019. lary bed of the chorioallantois, passes through them
E-mail addressfabiolv@upch.edu.pe (F. a-Velarde). and reaches the systemic blood. As the embryo grows,
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the fixed conductance of the shell and the limited
diffusion capacity of the chorioallantoic membrane
(CAM) imposed restrictions, which compared with

the lungs, are expressed in a lower surface area for

difussion capacity. In the third steplood transport
carries the gas from the chorioallantoic-capillaries
to those of the tissues. Finally, at the forth step, O
passes from the systemic capillaries to the respi-
ratory enzymes of the mitochondria. Despite these
differences, that occur mainly in the first two steps,
the process of transporting oxygen to the mitochon-
dria functions efficiently in both systems because
the difference between the,(artial pressureKp,)

of the atmosphere and that required in the mito-
chondria in the avian embryo is as large as in other
vertebrates.

At each step of respiration there is a fall in @n-
sion and an increase in G@ension. The various steps
of Oy transport represent the “oxygen cascade”, which
sees a progressive drop irp Qartial pressure Kp,)
(Fig. D). At high altitude, barometric pressureBPis
diminished and with it the pressure difference of O
available for gas transport to the mitochondria. Thus,
this shortfall in airPo, needs to be compensated, ei-
ther by the modification of tissue metabolism or by the
adjustment of the @cascade (making it less steep),
so that the loss of @pressure in the environment
has less impact on cellular function. In this review,

we shall consider some of the processes of adaptation

that bring about these remarkable modifications in the
steepness of thefxascade in high altitude avian em-
bryos. In fact, birds are known to breed, and embryos

F. Ledn-Velarde, C. Monge-C / Respiratory Physiology & Neurobiology 141 (2004) 331-343

STEP 1 STEP 2 STEP 3 STEP 4

PI0,

PAO, PaO, PcO, PvO,

STEP 1 STEP 2 STEP 3 STEP 4

PIC0, PACO, PaCoO, PcCO, PvCO,

Fig. 1. Mean Q and CQ pressure gradients (Torr) from ambient
air (P, Pico,) to mixed venous bloodRy,, , P, ) in lowland
and Andean coot embryos collected at 4150 m. Air cé‘l&o(z,
Paco,), arterial @Oz' Pacoz) and hypothetical capillaryRcOZ,
PCCOZ) O, and CQ values are also shown.

to hatch successfully, even at altitudes between 4000

and 6500 m Carey et al., 1982 An effort is made to
integrate existing data on avian embryos in hypoxic
conditions, although very little information on the O
transport characteristics of avian embryos from high

riers between the ambient environment and the cells
(Vo, = Go, x A Po,) (Table 3. From these equations

it is apparent that, for a constant @onductance, a
decrease in @consumption Vo,) or metabolic rate

altitude species in natural conditions has been obtainedwould be an indication of the reduction of the pres-

up to date.
At altitude, the Q pressure gradient between the

sure difference between the ambient air and the air
cell (P, — PAOZ), and thus in the conservation of

environment and the cells decreases. The decreasedhe gradﬁent between air cell and tissues. The combi-

gradient should lower the rate of diffusion from ambi-
ent air through the shell into the air cell, then through
the inner shell membrane and chorioallantoic mem-
brane into the blood, and from the blood into the
cell. The gas flux of oxygenVip,) is proportional to
the Po, difference across the different barriers and to
the conductance (permeability) of the different bar-

nation of aVo, maintained roughly at the sea level
value with a large&Go,, in any step of the @cascade,
would suggest a\ Po, unchanged or even reduced.
The components of the oxygen cascade are numer-
ous and adaptations to enhancgt@nsport under hy-
poxic conditions may occur at any level of the oxygen
cascade.
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Diffusion and convection equations which govern the oxygen frithzX from the environment to the mitochondria in an avian egg

Stages of the oxygen cascade

Oxygen transport equations

Oxygen transport is affected by

Step 1: from the atmospher&d,)
to the air cell of the egg

Step 2: from the air cellI(ACOZ) to
the chorioalantoic-capillary walls

Vo, = Go,(Po, — Pacg,)?,
Go, = (Dg/RT)(Ap/Lp)
Vo, = Go,(Pacg, — Pao,)’

VOZ = GOz(Caoz - CVOZ)
Gog = VoB(Peg, — Piy)

Step 3: from the chorioalantoic
membrane (’302) to tissues

Step 4: from systemic capillaries
(PCOZ) to the mitochondria&oz)

Vo, = Gop(Peg, — Pro,)

Dg, diffusion coefficient of gas; Ap, functional pore
area of the shell; Lp, shell thicknes&;Po,.

Go,, the area surface of the CAM, thickness of the
CAM, capillary volume and density, hemoglobin
concentration and affinity for £ A Po,.

Go,, the cardiac output, affinity of hemoglobin for
O,, allosteric effectors, blood flow distribution,
hemoglobin concentratiom Po, .

Go,, cell area surface, capillary volume and density;
mitochondrial density; respiratory enzymes
concentration and activityA Po, .

Voz. oxygen transfer or oxygen consumptialPo,, oxygen pressure difference in each step of the caséydeiversal constant of gases;
T, temperature(c602 — CVOZ), arterial-venous content differencdd;, blood volume;s, coefficient of capacitanceAC/AP); (PE,02 — P\,Oz),

arterial-venous pressure difference.

& Go,, conductance of the eggshell plus the outer shell membrane.
b Go,, conductance of the CAM plus the inner shell membrane.

Bird embryos exchange respiratory gases with the
environment through a barrier that has several layers.
These are commonly grouped into an outer barrier,
formed by the shell and the outer shell membrane, and
an inner barrier formed by the inner shell membrane,
and the chorioallantoic membrane, the major respira-
tory organ of the avian embrydP{iper et al., 1980;
Seymour and Visschedijk, 1988; Wangensteen, 1972;
Wangensteen and Rahn, 197The major contribu-
tor to the diffusive resistance of the outer barrier is
the eggshell. The outer shell membrane contributes
only little resistance to gas flowP{iper et al., 1980;
Wangensteen and Weibel, 1982; Wangensteen and
Rahn, 197D During incubation, the continual loss of
water through the membranes and shell favors the for-
mation of an air pocket (‘air cell’) at the blunted end
of the egg. Toward the end of incubation, the embryo
pierces the air cell membrane with its beak (‘inter-
nal pipping’) and after a period of time, which in
the chicken embryo lasts approximately 28ufton
and Tullett, 198} it begins to rupture the eggshell
(‘external pipping’).

2. Step 1: from the environment to the air cell
Before the external pipping, oxygen movement

through the eggshell is exclusively driven by diffu-
sion and is best described by a modification of the

Fick equation Ar et al., 1974; Metcalfe et al., 1981;
Paganelli, 1980; Rahn et al., 1987; Wangensteen and
Rahn, 197D The G flux at this point is proportional

to the difference inPo, between the environment and
the air cell G)'og — PAoZ) and to the conductance of

the diffusion barrierVo, = Go,(Pig, — Pag,)-

2.1. Conductance of the eggshell and the
outer shell membrane

As the calcareous material of the shell is imperme-
able to gas, shell conductance depends on the number
and size of its pores and on its thicknegs ét al.,
1974; Ar and Rahn, 1985; Rahn et al., 198While
the averag& o, per pore is quite constariRahn et al.,
1987, pore density differs between different regions
of the chicken eggRokitka and Rahn, 1987; Seymour
and Visschedijk, 1988

The conductance of a barrier for a gas also de-
pends on the diffusion coefficienD( cn?/s) and on
the capacitance coefficient of the gascbncentration/
Apressure or BT, whereR is the gas universal con-
stant andr is the temperature] is inversely propor-
tional to M, therefore, gases exchanged between an
embryo and the environment will diffuse more rapidly
as B decreases with altitude. This effect would par-
tially compensate for the decreaseﬁwg2 (Visschedijk
et al., 1980, but would also increase the rate of loss
of water vapor and carbon dioxide (@Jdrom the egg
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(Ar and Rahn, 1980; Paganelli et al., 1975; Rahn and 2.2. Oxygen consumption, oxygen pressure in the

Ar, 1974).
The gas conductance of the eggshell differs be-
tween lowland and highland egg8drey et al., 1983,

air cell and thePIO2 - PAO2 difference

Oxygen consumption of precocial sea level em-

1987, 1989a,b; Packard et al., 1977; Rahn et al., 1977; bryos increases throughout the incubation until just

Sotherland et al., 1980; Wangensteen et al., 19ide

before pipping of the internal membrandéck et al.,

degree and direction of the variation depends on the 1980. Since theGo, of the eggshell to @diffusion
altitude at which the eggs were laid. The conductance remains fairly constant during incubation in most

(standardized to 760 Torr) of eggs laid up to 3000—

3500 m decreases in approximate proportion to the re-

duction in BB at the breeding siteJarey et al., 1983;

species Carey et al., 1983 the increase iVo, with
embryonic mass results in a progressive decrease
in O within the air cell (PAOZ) (Rahn et al., 1974;

Packard et al., 1977; Rahn et al., 1977; Sotherland Wangensteen and Rahn, 19.7(PA02 of avian eggs

et al., 1980. Therefore, the increased diffusion of wa-
ter vapor and CQis offset in some species breed-

just before pipping has an average of 101 Torr, and
Paco, 0f 40 Torr Hoyt and Rahn, 1980similar to the

ing up to 3500 m. Nevertheless, when eggs laid above alveolar @ and CQ pressures of many vertebrates,

3500 m in the Peruvian Andes were studied, the con-

ductance was found to change not in proportion with

including man. The difference between tRg, and
the Pno, (P|02 — PAoz) across the shell approximates

PB; actually, the egg conductance exceeded the sea42 Torr. Despite the increase I, at high altitude,

level value Carey et al., 1987, 1989a,b; Lebén-Velarde

et al., 1984a; Rahn et al., 1977; Wangensteen et al.,

1974 (Table J. As a result, in these eggs water loss
is higher than at sea level, but air cell oxygen ten-
sion is higher as well. This phenomenon could reflect
a change in priority for shell design at altitudes above
3000-3500 m towards improvement ob @vailabil-

the low P, reduces thePa, below the correspond-
ing value of sea level eggs at all embryonic masses
(Wangensteen et al., 1974)

Oxygen consumption in high altitude coot em-
bryos Fulica americana peruvianeat 4150 m (PB=
459 Torr), initially increases, then reaches a plateau,
and later decreases slightly. Absolute level/gf of

ity at the expense of greater rates of water vapor and high altitude embryos are lower than those of lowland

CO; losses Carey et al., 1987, 19893 ,bedn-Velarde
et al., 1984a,pMonge-C et al., 1988 Since eggshell
thickness of most species does not vary with altitude,
most of the variation in conductance in eggs collected
in hypoxic environments results from changes in the
total pore area, which in turn is attributable to changes

coots at any stage of incubation. Tt, — Pag,
difference across the shell remains relatively constant
at about 30 Torr. Thus, the depressiom}i.ﬁ2 seems

to be an adaptation that results in minimization of
the P, — PAO2 difference and maintenance BAOz

at the 2highes’[ possible level. This also seems to be

in the number of pores rather than in pore dimensions the case in the Andean gull embrylcafus serranuj

(Carey et al., 1987, 19893,b

These changes may reflect processes of physiologi-

cal acclimatization or evolutionary adaptation. On one

breeding at 4650 m (PB:- 439 Torr), which maintains
a PAO2 analogous to the Andean coot at the end of
incubation, and &, — PAO2 difference also similar

hand, the changes on shell conductances have beeno that of the coot embryoléble 3. As at sea level,

found to reflect long-term selection for females which
lay genetically fixed shell structures appropriate for the
high altitude habitatCarey et al., 1984; Ledn-Velarde
et al., 1984h On the other hand, in chickens exposed
to elevations of 3800 mHA,, 90 Torr), 3800 m with
supplementary §)(P|o2 140 Torr), and 1200 m}ﬁ02
125 Torr), it has been shown that physiological ac-
climatization of eggshell conductance can occur and
is probably stimulated by hypoxia. The time lag in
the response to changes in altitudeRps, is approx-
imately 2.5 weeksHempleman et al., 1993

also at high altitude is remarkable the similarity be-
tween thePa,, values of the air cells and the alveolar
Po, values of Andean human natives. In this regard,
Monge-C and Ledn-Velarde (1994ave pointed out
that some avian embryos, despite the absence of air
convection, are able to generala,, values in the

air cell remarkably similar to the alveolar values of
resting birds and mammals, whether the comparison
is made at sea level or at high altitude. Because the
PAO2 is the starting value of the QOcascade, like the
increase of ventilation in man, the maintenance of a
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Table 2
Characteristics of shells of high altitude and sea level eggs

Gh,0 (Mg per  Pore area Permeability 106 cm? Shell thickness Surface area

day per Torr)  (mm?) (STP)/(s crd Torr)) (mm) (cm?)
Sea level eggs
Coot 0 = 4) 6.04+ 1.15 0.88+ 0.18 1.55+ 0.28 0.33+ 0.006 55.85+ 2.81
Willow ptarmigan 0 = 4) 2.92+ 0.17 - 1.02+ 0.017 0.19+ 0.004 37.94+ 0.47
High altitude eggs
Andean coot1f = 6) 6.44+ 0.80 0.95+ 0.1 1.47+ 0.18 0.33+ 0.004 63.07+ 1.04
White-tailed ptarmigah (n = 7) 250+ 0.16 - 1.11+ 0.014 0.18+ 0.004 35.30+ 0.50
Andean goose(n = 14) 11.894+ 0.23 2.31+ 0.05 1.66+ 0.04 0.44+ 0.008 103.31+ 1.2
Speckled Tealr( = 2) 6.35+ 0.15 0.69+ 0.02  1.55+ 0.17 0.24+ 0.001 58.71+ 0.95
White-tufted greber( = 3) 14.37+ 0.17 158+ 0.01 5.65+ 0.10 0.25+ 0.006 36.70+ 0.31

Values are mean#S.E.M.). Values forGy,o are standardized for the correspondent PB. All eggs were collected at 4150 m, with the
exception of the White-tailed ptarmigan eggs, which were collected between 3600and 4100 nCéreynet al., 1989a,b, 1991, 1997
a8 Samples sizes are averages.

high Pa, is beneficial for Q transport. It can be hy-  masses of high altitude coots are similar or slightly
pothesized that the diminished metabolic rate could larger than sea level coot€érey et al.,, 1989aln
be due to several reasons: a reduced capillary bloodcontrast, it has been shown that embryonic growth,
flow, as a consequence of a reduced cardiac output,organ growth, assessed by tissue protein/DNA, and
a diminished tissue vascularization; and/or a reduced development are strongly influenced by @vailabil-
aerobic metabolic rate. Modest levels of anaerobiosis ity (Asson-Batres et al., 1989n general, exposure to
could also accompany the plateaulig, showed by hypoxia causes retarded development, increased mor-
montane coot embryos in the latter stages of incuba- tality, and a lower embryonic metabolisBgumann
tion. In fact, high altitude coot embryos are hypocap- et al., 1983a; Beattie and Smith, 1975he depressed
nic and acidotic when compared to lowland coots, and Voz in absolute values of chicken embryo&4(-
the acidity may be contributed by lactic acid produc- lus domesticysat 3800 m has been associated with
tion (Carey et al., 19938 However, no conclusive data  prolonged incubation periods and smaller hatchling
exists for high altitude species at present. Hatchling masses\Wangensteen et al., 19174
On the contrary, Puna teal\ias versicolor puna
breeding at 4150 m (PB: 459 Torr) has &/, which

Table 3 is approximately twice thé/02 of the Andean coot
Gas exchange in three high altitude native species, calculated for and of the Andean gullGarey et al., 1989a,b, 1994
22-g embryos (Table 3. When compared with chicken embryos at

Andean coot Puna Teal Andean gull  Sea level, which have o, of approximately 21 mi/h
before prior initiation of pulmonary ventilatioHpyt

'-DVSZ ((T,ﬁ[,ﬂ) 455 46 453.9 433 58 and _Rahn, 1980it can be seen that Purja_\T_eaI embryos
Py, (Torr) 86.5 86.5 82.3 Vo, is very near this value, because th&g, is almost
P, (Torr) 53.2 25.5 48.3 18 ml/h, well before prior the beginning of ventilation.
Pio, = Png, (Torr) 333 61.0 34.0 Vo, of White-tailed ptarmiganlagopus leucurysat
Paco, (Torr) 196 38.8 20.9 3600 (PB= 487 Torr) and 4100 m (PB= 461 Torr)
Hematocrit (%) 40.8 484 - (Carey and Martin, 1997and Red-winged blackbirds
PB, barometric pressuré/o,, oxygen consumptionpi,, , air O, (Agelaius phoenicedisat 2900m (PB= 531 Torr)

pressurea,, . air cell O pressureiPac,, , air cell CQy pressure.  (Carey et al., 198Pis independent of altitude, despite
The values for the Andean coot and the puna teal were calculated thair different hatchling masses and incubation peri-
from the regression equations describing the relation between the ds. Embrvos of the bar-headed oo@as(er indicu};,
different variables as a function of embryo weight fradbarey 0ds. . y > - g .
et al. (1989a,b, 1993, 1994The values for the Andean gull are & SPecies native from the Himalayas, are able to main-

from Monge-C and Lén-Velarde (1994) tain normal rates of/o2 when transiently exposed to
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ambientPo, as low as 85 Torrgnyder et al., 1983aln However, experimental models do no necessar-
the high altitude puna teal, thlao2 — Pao, difference ily simulate the situation posed by the increased air
across the shell averaged 40 Torr, similar to the averagecell-arterial diffusion gradient found in high alti-
value of lowland species. The continuous increase in tude embryos. @ diffuses across the shell and the
Vo, during development causes a progressive decreaseattached membranes into the capillary bed of the
in Pag, and an increase in tha02 —PAO2 difference. chorioallantois, which serves as the “lung” of the
Additionally, Pa.., is low in the coot and gull em-  chicken embryo and which replaces the yolk sac as
bryos and high in the puna teal embryi@ble 3. The the gas exchange organ at the end of the first week
larger theP|02 — P, difference across the eggshell, of development. As the embryo grows, the restric-
the faster the rate 0% diffusion. Thus, the high altitude tions imposed by the fixed conductance of the shell
avian embryos which do not drofo, nor the Ppo, and the limited diffusion capacity of the CAM result
do not “protect” the @ cascade or the rate of,Qlif- in increasing the air cell-arterial diffusion gradient
fusion. Therefore, in these cases, a modification of tis- (PA02 — Paoz)- As a result, progressive hypoxia and
sue metabolism or other changes further down in the hypercapnia are normal features of later stages of
O, cascade must occur as a protection against tissueembryonic development. It would be of interest to
hypoxia. know the developmental evolution of the gradient
during embryonic growth at high altitude, where, in
addition to the ever-changing conditions related to
3. Step 2: from the air cell to the growth itself, the embryo has to adapt to the lower
chorioalantoic-capillary walls Py, - In adult vertebrates in hypoxic environments, as
the blood leaves the alveolar—capillary system there
The normal development of the avian embryo inside is a larger transit time along the alveolar capillaries
the egg is ensured by the gas exchange provided bycharacteristic of oxygen diffusion limitations. This
the CAM (Wangensteen and Rahn, 19.70his highly could be hazardous in certain conditions of decreased
vascular structure, in conjunction with the porosity of oxygen delivery due to the increase of mz — Pag,
the eggshell, permits diffusion off&and CQ between difference. Unfortunately, no data exists in regard to
the environment and the bloo@u(llett and Deeming, = some of the critical components of the CAM capillary
1982, a function which could be paralleled to that of system at this stage of the oxygen cascade for avian
the placenta for the mammalian fetus. embryos in hypoxic environments.
Lateral diffusion in the gas-filled shell membranes
is insufficient to homogenize gas tensions under the
shell (Visschedijk et al., 1988 Thus, to achieve 4. Step 3: from the chorioallantoic membrane to
energy-efficient gas exchange between the sub-shellthe tissues
gas and the blood in the CAM, perfusion should match
local shell conductance. Howev&k¥agner-Amos and The capacity for @ transport from the CAM to the
Seymour (2003have shown that an even eggshell tissue depends on thePo, at the different levels of
pore distribution and uniformity of chorioallantoic the G cascade, but it also depends on thed@livery
perfusion are not required for successful avian devel- by the blood, which is a function of the number of red
opment. In an experimental model where eggs were blood cells (RBC), the saturation of the hemoglobin
incubated in hyperoxia with half of the egg shell (Hb) with O, (which depends on the Hb affinity for
waxed to stop diffusion, the embryo was able to uti- O,), and the blood flow.
lize the increase of environmentab@ compensate
for the loss of respiratory surface area. These critic 4.1. Arterial pressure of oxygen and carbon dioxide
experiments show that uniformity of chorioallantoic
perfusion seems not to be crucial for avian devel-  Arterialized oxygen pressureP4, ) refers to the
opment; thus, even if hypobaric hypoxia modifies partial pressure of the oxygenateé blood leaving the
perfusion, this effect should not alter the @ansport CAM in chorioallantoic veins Riiper et al., 198
from the air cell to the chorioalantoic-capillary walls. Over the embryos’ body mass of approximately
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6-21q, thePao decreased from 60 to 17 Torr, and by increasing the blood oxygen carrying capacity, the
similarly in hlgh altitude and sea level coot embryos. Hb affinity for oxygen, blood flow, increased vascular-

Arterial CO, pressure Bacoz) of lowland coots in- ization, or other components of the CAM-inner shell
creased significantly with growth from 14 to 60 Torr, membrane conductance, thus avoiding a marked drop
within that range of body masss., of mountain in Py, (Leon-Velarde et al., 1997

coot embryos also increased significantly from 20 to

27 Torr (Carey et al., 1993 Puna teal, which only  4.3. Oxygen carrying capacity

nests at high altitude, have slightly low vaIueng,lg2 .

when compared with similarly-sized chicken embryos  The increase ifVp, of avian embryos during incu-
incubated at sea levelCérey et al., 1994; Tazawa bation at sea level correlates with an increase in the
et al., 197). These lower values are the consequence O, carrying capacity of bloodTazawa et al., 1971;

of the IowerPA02 of the €ggs Pac,, rose significantly Temple and Metcalfe, 1970At high altitude, hemat-
from 8 to 21 Torr over the 3-13 g range in embryo’s ocrits of white-tailed ptarmigan embryos (4200 m) are
body mass Carey et al.,, 1994 Because measure- significantly higher than sea level ptarmigans at all de-
ments in the coot and puna teal were not obtained velopmental stage€@arey and Martin, 1997 The Hb

for embryos of similar body masses, it is difficult concentration and hematocrit of lowland and moun-
to compare the"802 values of these two species di- tain coot embryos increased significantly with the de-
rectly. However, neither the intercepts nor the slopes velopmental increase in body mass, and high altitude
of the regression lines calculated to describe the rela- coot embryos measured at 4200 m have significantly
tion betweenPy,, and body mass differ significantly  higher values of Hb and hematocrit than sea level coot

between the two speciekdon-Velarde et al., 1997 embryos Carey et al., 1993 The hematocrit values
_ of puna teal embryos determined at 4150 m are sig-
4.2. ThePy,, — Pu,, difference nificantly higher than mountain or hypoxic embryos

of similar size, and higher than coot embryos; these

In general, a larg@a,, — Pa,, difference exists in - differences could help support to the higib, of this
avian eggs in hypoxic cwcumstances This has been at-species Burton and Smith, 1969; Carey et al., 1993
tributed to diffusion limitation, arterial-venous shunt, |n contrast to adult high altitude vertebrates, which
varying conductance/perfusion ratios in different parts have no, or a very modest, erythremia, the altitude
of the egg, rate of @ binding by Hb and @ con- avian embryos have been found consistently to have
sumption of the CAM Riiper et al., 1980; Seymour 3 |arger number of red blood cells. It can be consid-
and Visschedijk, 1988; Wakayama and Tazawa, 1988; ered that at the embryonic stage, it is important not
Wangensteen, 19§2 only to raise the number RBC in the blood in or-

The Ppo, — Pa, difference of lowland coots does  der to increase the capacity of the blood for carry-
not vary significantly with body mass, averaging5  ing O,, but also, increasing the Hb concentration, to

5Torr. In contrast, th@a,, — Pay, difference of moun-  enhance the buffering capacity of the blodézawa,
tain coot embryos increased significantly from 16 to 1986.

24 Torr with the increase in embryonic body mass. The

different Pao, — Pao, gradient between species results 4 4. Oxygen binding properties of embryonic blood

in part from the influence of reducet,, on Pa,,, and

in part from the decreasekfb2 observed in some avian It is well established that embryonic RBCs of the
embryos like coots and chickenGdrey et al., 1993 chick and other avian embryos show rapid and exten-
The Ppo, = Pao, difference of puna teal is the lowest sive changes of the gas transport properties during the
recorded for any avian embryo. Embryos exposed to later stages of development. This is interpreted as a
hypoxia tend to have Iowe‘i’A02 — Pao, gradientsthan  response to the hypoxia and hypercapnia which nor-
normoxic embryos Garey et al.,, 1989a; Wakayama mally occur with the developmental growth of the em-
and Tazawa, 1988Therefore, the strategy used by the bryo. The Hb affinity for oxygen increases substan-
puna teal embryo to maintain a hidf, is that of in- tially (Lapennas and Reeves, 1988llowing continu-
creasing the CAM-inner shell membrane conductance ous adjustment to the arterial hypoxia. In addition, the
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induction of erythroid carbonic anhydrase Il (CAll)
improves Q and CQ transport propertieBaumann
et al., 1986, since its change is coordinated with the
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the willow ptarmigan agopus lagopus The results
showed that the embryos incubated at 3600-4100 m
had an accelerated decline of the erythrocyte ATP lev-

modification in RBC phosphate pattern and because els during development compared to embryos incu-

it opposes the negative effects of hypercapnia on Hb
oxygen binding Birchard and Black, 1986 As in
other vertebrates, the oxygen affinity of avian embry-
onic Hb is predominantly regulated by organic phos-
phates compositiorBaumann and Meuer, 1992

The mechanisms that control the change from em-
bryonic to adult Hb production in the embryo have not
been identified at the molecular level, but there is con-
clusive demonstration that ambiefs, can modulate
the timing of the switch. When embryos are grown un-
der hypoxic conditions definitive RBC and adult Hb
appear in the circulation24 h earlier than they do in
normoxic controls Baumann et al., 1983b

In several mountain species, specific amino acid
substitutions cause a small increase in oxygen affinity
of adult Hb (barheaded geesA, indicusand An-
dean gees&; hloephaga melanopteyalnositol penta-
phosphate (IPP) and other allosteric effectors (ATP;
2,3-biphosphoglicerate (BDG)) amplify this effect
substantially Kiebl et al., 1987; Jessen et al., 1991,
Petschow et al., 1937 The normal developmental
changes of ATP and 2,3-BPG levels in RBC of chick

bated at 1600 m. The difference in red cell ATP be-
tween the two groups is substantial in the mass range
3-6g Oragon et al., 1999 These authors also ob-
served an earlier stimulation of 2,3-BPG synthesis in
the high altitude group. However, electrophoretic mo-
bility of Hb of white-tailed ptarmigan embryos mea-
sured at 4200 m was similar to sea level ptarmigans
of comparable body masses. The results are analo-
gous to the findings obtained in chick embryos ex-
posed to chronic hypoxia, where differences in ATP
and 2,3-BPG concentration of normoxic and hypoxic
embryos became apparent after day 7 of incubation
(Baumann et al., 1983a, 1988 he mechanism seems
to consist of aPo,-dependent control system that, in
normoxia, can suppress the action of a “factor” pre-
sumably involving the phospholipase C and the protein
kinase C Million et al., 199). In conclusion, these re-
sults suggest that the same oxygen-tension-dependent
mechanism controls the red cell organic phosphate pat-
tern of mountain and lowland embryos.

Regarding the respiratory properties of the whole
blood during developmen§nyder et al. (1982kgtud-

and other avian embryos cause an increase in theied the affinity of Hb for oxygen in embryos of the

oxygen affinity of the hemoglobins. During the chick
embryonic development adult Hb first appears in the
definitive red cell line by day 6. These cells contain
adult Hb and subsequently replace the primitive red
cells containing the specific embryonic HBrgns
and Ingram, 1973 Initially, definitive red cells con-
tain predominantly high-affinity component HbD in
excess of HbA, which has a lower intrinsic oxygen
affinity.

Dragon et al. (1999pnalyzed the developmental

bar-headed and Canada gedB®fita canadens)sin

both species, the affinity of blood for Jexpressed

as Q half-saturation pressure, or P50) increased with
development until a steady value was reached. The
P50, measured at pH 7.4, of the bar-headed goose,
20.1 + 0.3 Torr, was significantly lower than that for
the Canada goose, 26t 0.8 Torr. Hill's coefficients,
buffering capacity, red cell 2,3-BPG, and blood Hb
concentrations were similar between species. The au-
thors also suggested that these embryos have a higher

changes of the red cell phosphate pattern of mountain Bohr effect, which should raise the slope of the Hb

white-tailed ptarmigan embryos. Ptarmigans breed in

dissociation curve and increase tRg, in the tissue

arctic and alpine tundra habitats that range in elevation capillaries. In general, the available data suggest that

from 750 to 4250 m Martin et al., 1993 The eggs

red cell ATP level is the principal modulator of Hb>O

were collected from nests located between 3600 and affinity in the avian embryoRaumann and Baumann,

4100 m altitude in the Rocky Mountains (Colorado).
The eggs were incubated at two different altitudes to

1977). Thus, as previously described for adults of these
two species of gees®étschow et al., 197 7the dif-

see if the organic phosphate pattern was affected by ferences in the whole blood oxygen affinity must be

different ambient oxygen pressures. The Hb pattern
of white-tailed ptarmigan embryos was compared to
the pattern of embryos of their lowland counterpart,

due to the intrinsic properties of the Hb itself or in its
interaction with the organic phosphates that modulate
the Hb—-G affinity.
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In regard to other possible allosteric effects of the
Hb dissociation curve, as mentioned abo@arey
et al. (1993have found that the blood of coot embryo
is acidic. This phenomenon parallels the plateau in
Vo, exhibited by mountain coot embryos during the
later stages of incubatiorCérey et al., 1989aThe
light acidosis may cause a rightward shift in the blood
O, dissociation curve and facilitate the unloading of
O to tissues. Unfortunately, there is no information
about the Hb affinity of the coot embryo. Neverthe-
less, the adult coot, either native to sea level or at
high altitude, have indeed a Hb with high affinity
for oxygen Monge-C and Leo6n-Velarde, 1991The
affinity of the whole blood for @ is an important, ge-
netically based adaptation to ensure a higlcntent
in the blood in the face of the reduction in ambient
Po, when nesting at high altitudes. The higher Bohr
effect may ensure high tissug, in the presence of
Hb with high G affinity.

In order to determine the importancefdrenergic
and adenosine receptor activation in the control of red
cell ATP and 2,3-BPG concentratiobragon et al.
(1999) investigated the effect op-adrenergic and
adenosine A2 receptor blockade in red cell 2,3-BPG
and ATP levels of chick embryos. The combined ad-
ministration of-adrenergic and A2 receptor blockers
induced considerable mortality of the chick embryos,
which indicates the importance of this hormonal sys-
tem during normal embryonic development. These
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the Andes (Puno, Peru) with a Hb having an excep-
tionally high affinity for oxygen is the only group of
chickens described to date which successfully breed
above 3000 mledn-Velarde et al., 1991; Mejia et al.,
1994.

4.5. Vascularization

In experimental conditionsWagner-Amos and
Seymour (2003have proved that angiogenesis reacts
negatively to a strong hypoxic environment at any
given time of incubation. This contrasts the studies
by Dusseau and Hutchins (1988&nd Strick et al.
(1991) showing that hypoxia caused an overall in-
crease in vascular density and a ‘corkscrew’ growth
of the vessels, and that lBurton and Palmer (1992)
where the capillary surface area has not been modi-
fied by hypoxia or hyperoxia. However, it is difficult
to extrapolate these experimental findings to the nat-
ural settings. In factSnyder et al. (1984have found
that bird embryos respond to hypoxia by increasing
capillarity. The increased capillarity was found in
species native to high altitude even when incubated
under conditions of normoxia and can be induced in
species native to sea level by exposure to hypoxia
during development. These authors determined tis-
sue capillarity in the gastrocnemius and myoglobin
concentrations in the gastrocnemius and heart for
hatchling Canada geese, following incubation of the

results suggested to the authors that catecholaminesembryos under either normoxi@§, = 120 Torr) or

(and adenosine) not only are involved in the control
of cardiovascular development but are also critical
for the adaptive regulation of embryonic blood gas
transport properties. The hormonal regulation of RBC
function enables a flexible adjustment of the RBC
gas transport properties to the actu,. This fact

may represent a prerequisite for the ability of birds
to breed in regions above 4000 m. In fact, in embryos
of birds exposed to chronic hypoxia and adapted to
high altitude, the RBCs are able to switch their or-

hypoxic (Po, = 94 Torr) conditions. Similar obser-
vations were made on a limited number of hatchling
bar-headed geese. This study showed that capillary
densities were higher and diffusion distances shorter
in the hypoxic Canada geese and the bar-headed geese
than in the normoxic Canada geese. The concentra-
tions of myoglobin in the heart and gastrocnemius
increased with mass, but not as a function of hypoxia.

ganic phosphate pattern depending on the altitude 5. Step 4: from the systemic capillaries to the

of incubation Baumann et al., 1983a, 1986; Dragon
and Baumann, 2003If we consider that the rapid

decay of red cell ATP is indicative of a Hb with high

affinity for oxygen, this characteristic may represent
one of the most important modifications to successful
breeding at high altitude. In this sense, it is important
to mention that a very selected cluster of chickens in

mitochondria

Venous oxygen partial pressurgy,_) refers to the
oxygen pressure of the blood flowing from the embry-
onic tissues to the CAM in the chorioallantoic arter-
ies (Piiper et al., 198D Within the body mass range
of approximately 10-21 o, of both sea level and
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high altitude (4150 m) coot embryos is below 12 Torr,
without significant variation during the incubation pe-
riod. Also the venous C®pressure By, ) of low-
land coots does not vary significantly W?[?h body mass,
averaging 4844.6 Torr. In contrastPy.,, of moun-
tain coot embryos increased significantly from 19 to
42 Torr over the same range of body masargy et al.,
1993. Since tissuePo, cannot exceedy,_, the tissue
Po, of the coot embryo might be below 10 Torr at least
during the latter third of incubation. Despite this, it is
important to mention the remarkable ability of these
birds to grow and develop normally. In fact, at hatch-
ing, the body mass of coot embryos in the Peruvian
Andes do not differ from those of the sea level coot.
The Py, of puna teal embryos averaged 8-10 Torr
below those of similar-sized chicken embryos incu-
bated at sea level. TthCOZ averaged slightly lower
(4-9 Torr) than corresponding values of chicken em-
bryos at sea levelGarey et al., 1994; Tazawa et al.,
1971 (Table 4. The abilities of these birds to main-
tain normal functions at such low tissife,, certainly
must involve cellular and biochemical characteristics
that promote @ utilization.

Histochemical and biochemical studies have been
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at 4200 m had significantly higher citrate synthase ac-
tivity values than sea level ptarmigans at comparable
body masses. This would mean that high altitude em-
bryos make more efficient use of substrate by com-
plete oxidation via the citric acid cycle. Indeed, it is
common to find higher oxidative capacities in more
active muscles and for long periods of timBafrie

et al., 1975; Ledn-Velarde et al., 199Blowever, ex-
trapolations from adult muscles in different species to
avian embryos must be interpreted with caution. More
studies are needed to understand the real participation
of cellular adaptation in the presence of other impor-
tant extra-cellular adaptations.

6. Conclusions

The integrated mechanism that contributes to the
oxygen transfer of embryos of mountain species is
not completely understood. Much more remains to be
learned about how the physiological and cellular de-
sign of the avian respiratory system have evolved un-
der the selective pressure of multiple, and in some
cases conflicting, requirements for gas exchange. In

performed on the muscles of animals exposed to short addition, it should be kept in mind the effect of gene

or long-term hypoxia. However, few studies of this

type have been devoted to animals living at high al-
titude and even less to avian embryos. The oxidative
capacity as reflected by citrate synthase activities in
heart and muscle of white-tailed ptarmigan was stud-
ied by Carey and Martin (1997)Embryos measured

Table 4

Gas exchange and blood gases in two high altitude native species,

calculated for the last half of incubation

Andean coot Puna Teal
Peo, = Pao, (Torr) 33.3 61.0
Pag, — Pag, (Torr) 35.4 0
Py, (Torr) 21.6 26.3
P, (Torr) Below 10 Below 10
Pago, (Torr) 24.2 29.9
Pico, (Torr) 44.3 42.8

Py, , air Oy pressurePa,,, air cell O, pressurePy,, , arterial G
pressure;Pacoz, arterial CQ pressure;PVoz, venous @ pressure;
Pjeo,, VENous CQ pressure. The values were calculated from the

regression equations describing the relation between the different

variables as a function of embryo weight frdbarey et al. (1993,
1994)

flow between sea level and high altitude species, and
the evolutionary time of high altitude exposure. For
example, in humans and domestic mammals, whether
newcomers or native to high altitude, the degrees of
erythrocytosis at high altitude are quite variable. In
addition, the higher resting ventilation (high&x,)

and hypoxic ventilatory responsiveness and the lower
Hb values in Himalayans compared to Andeans liv-
ing at similar altitudes have been interpreted as better
adaptive characteristics to hypoxia in the former group
(Beall et al., 1990; Monge-C and Ledn-Velarde, 1991;
Moore, 200). Hence, it seems that natural selection
has not produced the same results on Andean humans
and domestic animals as in high altitude species living
in other regions. Presumably, the differences are at-

tributable to migratory habits, greater admixture with

lowland groups and less evolutionary time of high al-

titude exposureNloore, 200).

Similarly, the type of specializations adopted by
avian embryos of species breeding over 4000 m can be
quite different. In fact, although all the species stud-

ied so far seem to have a Hb with high affinity for
O, at the end of incubation, some species maintain
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high levels ofVoz, increase the hematocrit, lower the
Ppo, — Pao, difference and maintain a normal pH

value. Other species lowdio,, moderately increase
the hematocrit, increase theén,, — P, difference
and lower both théco, and pH values. Hence, to con-
trast the problems raised by hypoxia, different adap-
tive strategies have evolved all leading to successful
embryonic development and hatching even at altitudes
well above 4000 m, indicating that similar problems
can be can be solved in several manners.
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