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Abstract

Chicken embryos were chronically exposed to hypoifa,~110 mmHg during development, and assessed for
detrimental metabolic and morphological effects. Eggs were incubated in one of four groups: Gaatrtbl mmHg,
or treated with continuous 110 mmHd5% O,) during days 1-6H1-6), 6-12 (H6-12), or 12—-18(H12-18 with
normoxia during the remaining incubation. Metabolié¥y,), body mass, hemoglobifHb) and hematocriHct) were

measured in embryos on days 12 and 18 of incubation and in day-old hatchlings. Ability to maigjain

measured during a step-wise decreas®df

was acutely

from normoxia to hygé&ianmHg. On day 12,V,, of H1-6 eggs

were significantly lower than in the control and H6-12 egBs; in H6—12 eggs was lower than in control and H1-6
eggs. Body mass of H1-6 and H6-12 embryos on day 12 was significantly lower than in control embryos, while in

H6-12 embryos, Hct and Hb were higher. On day 18, H6—12 embryos had significantly Woyer

than control eggs.

Body mass of H6—12 and H12-18 embryos was significantly lower than control embryos. Hct and Hb did not differ
between treatments. In hatchlings, mass, Hb and Hct had returned to values statistically identical to controls. However,

H6-12 embryos had significantly lowét,,

. Long-term hypoxia altéreg

when hypoxic incubation occurred during

the middle third of incubation, but not during earlier or later incubation. Thus, chronic hypoxic exposure during critical
periods in development altered the developmental physiological trajectories and modified the phenotypes of the
developing embryos® 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Response to hypoxia during development in
chicken eggs has previously been studied with
respect to changes in body mass, metabolic rate

* This paper was originally presented at a symposium held
at the 6th International Workshop ‘Perinatal Development of
Birds’, organized by Heike Tonhardt and staff, at the Free
University of Berlin, 12—16 October 2000.

*Corresponding author. Tel.:1-940-369-7629; fax:+1-
940-565-3821.

E-mail address: edzial@unt.ed(E.M. Dzialowsk).

and hematology (Wangensteen et al., 1974;
McCutcheon et al., 1982; Baumann et al., 1983;
Stock and Metcalfe, 1987 Several studies on the
effects of chronic hypoxia or hyperoxia on the
development of chicken embryos have shown that
the availability of oxygen induces differential
growth among individual organ§Smith et al.,
1969; McCutcheon et al., 1982; Stock et al., 1983
Embryo mass decreases in response to hypoxia
and increases with hyperoxia. The heart is the
least affected by hypoxia, and in contrast to
embryo mass, the hearts of hypoxic-incubated
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animals increase in mass in some species
(McCutcheon et al., 1982; Snyder et al., 1982

The metabolic rate of developing chicken
embryos has been shown to have differential
responses to hypoxia. Brigf72-h) exposure to
hypoxia from day 16 through day 18 of incubation
resulted in decreased metabolic rate on day 18
(Stock and Metcalfe, 1997 Similar patterns have
been observed under more chronic hypoiBzat-
tie and Smith, 197k During chronic exposure to
low levels of oxygen at high altitude, chickens
exhibit a decreased metabolism and growth rate
(Wangensteen et al., 19¥4Along with the meta-
bolic changes observed, hematocrit and hemoglo-
bin concentrations tend to be higher in chicken
embryos incubated in hypoxia or with lowered
shell-gas conductanddazawa et al., 1971a; Dus-
seau and Hutchins, 1988 Developing chicken
embryos tend to be more susceptible to exposure
to chronic hypoxia than many wild birdé/NVan-
gensteen et al., 1974; Carey et al., 1982, 1993

All previous studies have examined the effect
of chronic hypoxia on development in chickens
either during the entire incubation period, or during
only one short segment of incubation. However,
hypoxia may have different effects on develop-
ment, depending on the timing within incubation
of the hypoxic bout. Hypoxia occurring early in
development may have quite different effects than
hypoxia occurring in the later stages, since differ-
ent organ systems have different ‘critical windows’
during which environmental perturbation will exert
maximal effectgBurggren, 1993

In the present study, we tested for critical win-
dows of development in the metabolic physiology
and morphology of developing chicken embryos,
assessed by exposure to chronic hypoxia during
different stages of development. By measuring
during early, middle and late incubation, we were
able to determine developmental trajectories lead-
ing to new physiological and morphological phe-
notypes, as measured by metabolic r&i&,),
P (the partial pressure of oxygen at whith,,
begins to decreagebody and heart mass, mor-
phology and hematological parameters.

2. Material and methods
2.1. Incubation

White leghorn eggs were obtained from Texas
A&M University, transported to the University of
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North Texas, and used within 1 week of arrival.
Up to 24 eggs at a time were incubated in a
number of 4-1 closed containers, to allow for the
control of ambient @ concentration. Each contain-
er was ventilated with a gas mixture,O and N
were mixed with a Cameron gas mixémodel
GF-3) to produce a gas mixture of either 151
mmHg (21% Q,) or 110 mmHg(15% O,), humid-
ified to between 75 and 95% relative humidity.
Six containers with eggs were placed in a Lyon
egg incubator at 37.5C and turned every 4 h.
Eggs from each treatment were randomly placed
into containers. On day 19, all eggs were incubated
in 151 mmHg.

2.2. Incubation protocol

Eggs were incubated in one of four treatment
groups:Po, of 151 mmHg throughout incubation
(control); P, of 110 mmHg from day 1 to 6 with
normoxia thereafte¢H1—6); 110 mmHg exposure
from day 6 to 12 with normoxia at all other times
(H6-12; and 110 mmHg @ exposure from day
12 to 18 with normoxia at all other timgdd12—
18). Measurements were carried out on days 12
and 18 of incubation, and on day-old hatchlings.
Fig. 1 shows the experimental protocol.

2.3. Metabolic rate measurements

Metabolic rate was measured as oxygen con-
sumption (V,) using flow-through respirometry.
Eggs or hatchlings removed from the incubators
were placed in individual PVC respirometers
(approx. volume 225 ml The O concentration
flowing through each respirometer was controlled
by mixing O, and N with a Cameron gas mixer
(model GF-3. Outflow O, concentration from
each respirometer was measured using a Beckman
OM11 G, analyzer. Inflow @ concentration to the
respirometers was determined from the outflow of
an empty respirometeV,,, was measured in eggs
and hatchlings, whil®®,, was decreased step-wise
from normoxia to hypoxidapprox. 151, 131, 111,
90, 78, 64 and 51 mmHg Five eggs or day-old
hatchlings in separate respirometers were measured
at the same time. Initially, the eggs or hatchlings
were allowed to equilibrate at 151 mmHg for 1 h
in the chamber. For each egg or hatchling, meas-
urement of outflow @ level lasted 2 min, followed
by 1 min of measurement of the inflow gas. Eggs
or hatchlings were exposed to the next O level
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Control 151 mmHg
H1-6 110 mmHg 151 mmHg
H6-12 151 mmHg 110 mmHg 151 mmHg
H12-18 151 mmHg 110 mmHg 151 mmHg
) T
IncubationDay | ova 2 4 6 8 10 12 14 16 18 20 Hatch

Fig. 1. Incubation schedule used in incubating chicken eggs under various hypoxic regimes. Untreated eggs were incubated in normoxic

f
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air (151 mmHg Q) for the entire incubation period. The other three treatments were incubated in mild hyp@®ianmHg Q) either
during the first, middle or last third of incubation, with normoxia during the rest of incubation. Morphological and physiological
measurements were made on days 12 and 18 of incubation and in day-old hatchlings.

for 10 min and measured again. This was repeated
until the lowest oxygen level was reached. After-
wards, the oxygen level was increased back to 151
mmHg for 10 min. The eggs were then opened to
confirm survival of the hypoxic gas protocol, as
observed by body movements and a heartbeat.

2.4. Hematological parameters

Eggs from a second, independent group were
opened at the pointed end and the vitelline artery
was exposed. Blood was taken with a 1-ml syringe
via a 23-gauge needle inserted directly into the
artery. Hatchlings were anesthetized using halo-
thane and blood was taken by direct
cardiopuncture.

Hemoglobin was measured with a Radiometer
OSM2 hemoximeter. Hematocrit was measured by
centrifuging blood in capillary tubes. Two meas-
urements of each variable were made and averaged
for each blood sample.

2.5. Morphology

Embryos from both sets of experiments were
removed from the shell and separated from their
extraembryonic membranes. Yolk-free wet body
mass and the mass of the heart removed from the
body were measured to the nearest mg in embryos
and hatchlings. The length of the right third toe
and beak were measured in all embryos and

hatchlings as an index of growth. The body and
heart were then dried at 60C and weighed to
determine dry mass and water content.

2.6. Statistical analysis

All data are reported as the meafh S.E.M. A
two-way repeated-measures ANCOVA was used
to examine the effect of acute hypoxia and incu-
bation protocol on the metabolic rates of the eggs
and hatchlings. Initial egg mass and the residual
of embryo or hatchling mass vs. initial egg mass
were used as covariates. To test for differences
among incubation treatments at eat) level, we
carried out a priori contrasts, comparing each
hypoxic treatment to the control animals. We used
the method of Yeager and Ults¢i989 to meas-
ure the critical level of oxygeP.,) for each of
the incubation conditions on days 12 and 18.

Differences between embryo mass and heart
mass were examined using ANCOVA. Initial egg
mass was used as a covariate for embryo mass,
while initial egg mass and embryo mass were used
as a covariate for heart mass. When significant
differences were observed with the ANCOVA, a
Bonferroni post hoc test assessed differences
between the mass of control and treated groups. A
two-way ANOVA was used to examine the effect
of developmental age, incubation condition, and
their interactions on hemoglobin and hematocrit.
A Tukey post hoc test was used to test for
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differences. The level of significance for all tests
was P <0.05. All statistical tests were performed
with sas 8.0 using the Proc Mixed function.
Fisherex, an extension of Fisher's exact test
(Sokal and Rohlf, 1995 which handles multiple-
column contingency tables with small sample siz-
es, was used to test for differences in survival

between incubation treatments afterv,,
measurements.
3. Results

3.1. Body morphology

Changes in wet and dry body mass and heart
mass, length of third toe and beak length as a
function of incubation treatment through develop-
ment are presented in Table 1. On day 12, eggs
that had been exposed to hypoxia during either the
first or second third of incubation had significantly
smaller (P <0.05 wet and dry body masses than
the control eggs. Eggs exposed to hypoxia from
day 6 to 12 had significantly large(P <0.01)
hearts than control eggs after correction for embryo
mass differences. The percent of water in either
the embryo or the heart did not differ between
treatments. There were no significant differences
in toe or beak length between treatments on day
12.

On day 18, eggs exposed to hypoxia during
either the second or last third of incubation had
significantly smaller (P<0.03) wet and dry
embryo masses. However, embryos from H1-6
eggs had actually regained body mass, and were
not significantly different in mass from the control
embryos. However, they had significantly less
(P<0.0D) water content in the embryo than the
control embryos. Embryos from H6-12 eggs had
significantly shorter(? <0.01 third toes than the
embryos from control eggs, while H12—18 embry-
os had shorter beakd><0.01). On day 18, there
were no differences in wet or dry heart mass
between treatmeniSTable 1.

By the time of hatching, all morphological
parameters were statistically identical in all treat-
ments and the controls. The only exception was
that the yolk-free dry mass of hatchlings from
eggs exposed to hypoxia during days 12—-18 was
significantly smaller(P<0.01) than the control
hatchlings(Table 1.
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3.2. Oxygen consumption

3.2.1. Vo, 0on day 12

Mean V, differed significantly between incu-
bation treatments during acute exposure to decreas-
ing levels of Q (Table 2; Fig. 2a H1-6 eggs
had significantly lower mearvo, (0.077 ml G
min~—* egg ! than either the contro(0.096 ml
O, min~t egg?) or the H6—12 egg$0.095 ml
O, min~* egg?). There was a significant inter-
action between the incubation treatment effect and
the acute hypoxic exposure levd[able 2. The
Vo, Oof H1-6 eggs was significantly loweP <
0.0D than the control eggs @&,, of 130 and 110
mmHg. No differences inV,, were observed
between the control eggs and H6—12 eggs, except
at aPo, of 130 mmHg P <0.05).

Control eggs regulated,, only down toPa;
of 132 mmHg on day 12. However, H1-6 eggs
were oxyconformers, with &.; at the highest
Po, level. H6—-12 eggs had the greatest ability to
oxyregulate, with aP,;; of 111 mmHg.

There was significant differential survival on
day 12 after acute exposure to increasing levels of
hypoxia. Embryos from H6—12 eggs, which had
been chronically incubated in hypoxia just prior to
the measurement, had higher survival of 14;
86%) than the control7 of 15; 47% or H1-6(0
of 15; 0% embryos(P <0.01).

Embryos exposed to hypoxia during the first
third of incubation(H1-6) exhibited the largest
effects of chronic hypoxia. Even though mass was
smaller in H6—12 embryos, their mass-corrected
Vo, did not differ from the control embryos.

3.2.2. Vo, 0n day 18

There was a significant treatment effect Bg,
during acute decreases in, @Table 2, Fig. 2b.
H6-12 eggs had a significantly lowdall P<
0.02 overallVq, (0.24 ml G, mim* egg?) than
control (0.28 ml O, mirr* egg?), H1-6 (0.29
ml O, min~* egg''), and H12—-18 egg0.30 ml
O, min~* egg '). Acute decreases iR, resulted
in significant decreases iy, in all levels of acute
hypoxia.

There was no significant interaction between
incubation condition an®,, level oW, at day
18. However, independent contrasts revealed dif-
ferences between treatments.Af,  levels of 155,
132, and 110 mmHg, H6—12 eggs had a signifi-
cantly lower (all P<0.02 V,, than the control
eggs. H12-18 eggs had a significantly higher



Table 1

Wet mass, dry mass, and % water for embryos and hearts, and length of 3rd toes and beaks of day 12 and 18 embryos and hatchlings exposed to hypmtia partiansa

of incubation

Day 12 Day 18 Hatchling
Control Hypoxia Control Hypoxia Control Hypoxia
d1-6 d6-12 di-6 d6-12 d12-18 d1l-6 d6-12 d12-18

n 45 27 27 22 22 26 25 18 9 16 16
Embryo
Wet body mas<g) 6.0+0.1 5.5+0.2* 5.240.2** 234405 22.4+0.5 20.740.5* 19.7+0.5** 33.6+0.6 35.4-0.9 33.5t0.6 32.1+0.6
Dry body mas9g)  0.50+0.02 0.43t0.02* 0.414+0.02** 4.6+0.1 4.7+£0.1 3.8+0.1* 3.5+0.1** 6.3+0.1 6.7£0.2 6.1+0.1 5.7+0.1*
Body water(%) 91.740.1 92.1+0.2 92.1+0.2 81.8+0.6 79.0+0.6** 81.7+0.5 82.4+0.6 81.3+0.3 80.1+0.5 81.8+0.3 82.3:t0.3
Heart
Wet heart masémg) 45.8+1.3 47.6+1.6 54.9+1.7** 121.845.6 130.15.4 121.9+5.0 114.9+5.4 196.4-8.4 235.0:14.2 223.0:8.8 220.8+8.9
Dry heart mas§mg) 5.4+0.1 5.6+£0.2 6.3+0.2 16.2£t0.6 18.0+0.6 16.6+0.5 15.4+0.6 30.8+1.4 34.8t2.1 34.3+15 327416
Heart waten(%) 88.3+0.2 88.3:0.2 88.5+0.2 86.5+0.2 85.9+0.2 86.3+-0.2 86.6+0.2 84.6+0.3 84.0+0.4 84.7+0.3 85.0+0.3
3rd toe length(mm) 9.0+0.1 8.7+0.2 8.7+0.2 20.9+04 20.6+0.4 19.4+0.3* 20.1+0.1 24.0+0.3 23.8+0.7 24.0+0.7 23.4:0.3
Beak length(mm) 2.6+0.05 2.6+0.05 2.6+0.06 5.0+0.1 4.8+0.1 4.9+0.1 4.6+0.1** 5.4+0.1 5.8+0.1 5.7+0.1 5.3+0.1

Significantly different from the control at the given time periBe0.05*; P <0.005**,
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(both P<0.03) V,, at the low P, levels of 80
and 50 mmHg. There were no differences at any
of the P, levels between control and H1-6 eggs.
Both control and H1-6 eggs were oxyconformers
at day 18, with aP;; of 151 mmHg. H12-18 and
H6—12 eggs were moderate oxyregulators, with a
P..; of 132 mmHg.

Exposure to hypoxia during the middle third of
incubation had the largest effect dn,, = when
compared with control embryos. By day 18,
values of H1-6 eggs were no longer different from
the control values.

3.2.3. Vo, in hatchlings

There was a significant effect of treatment and
P, level on theV, of hatchlinggTable 2; Fig.
2¢). H6-12 hatchlings had a significantly lower
overall meanV, (0.65 ml G, mim* egg?h) than
the control(0.85 ml Q minm! egg?'), H1-6(1.0
ml O, min~* egg'?) and H12-18(0.84 ml G,
min~* egg D hatchlings(all »<0.01). The H6—

12 hatchlings had significantly lowéall P <0.05)

Vo, than the control hatchlings &,, levels of 90,
80, 70 and 50 mmHg. Th€,, of H12-18 hatch-
lings did not differ from the control hatchlings.
H1-6 hatchlings had a high&i,, than controls at
110 and 90 mmHg(P<0.05. All hatchlings
except H6—12 had similaf,, levels and responses
to decreasingo,

Exposure to hypoxia through incubation had
little effect on hatchling phenotype when it
occurred during the first or last third of incubation.
Although no differences iV, were observed on
day 12 in H6-12 eggs, as hatchlings, they had
significantly lower levels oV, .

3.3. Hematocrit and hemoglobin

There was a significant increag® <0.01) in
hematocrit from day 12 to day 18, followed by a

Table 2

0.16 1 (a). Day 12

==@— Control (15)
0.12 { & HI1-6(15)
~—=— H6-12 (14)

Vo, (ml O, min” egg™)

40 60 80 100 120 140 160

0.5 1(b). Day 18
—8— Control (10)
0.4 1 —A— H1-6(9)

—8— H6-12 (18)
03 1 —— HI218(15)

o -1 -1

Vo, (ml O, min" egg )
=2
3]

40 60 80 100 120
1.5 | (c). Hatchling

10 ] E

—&- Control (8)

o -1 . -1
Vo, (ml O, min " hatchling )

0.5 1 —b— H1-6 (5)
—— H6-12 (8)
—— H12-18(7)
0.0 T g T T T :
40 60 80 100 120 140 160
PO, (mmHg)

Fig. 2. MeanV o, of chicken embryos exposed to acute decreas-
ing levels of oxygen orfa) day 12,(b) day 18 and(c) as day-

old hatchlings. AllV,, values are corrected for the animal's
body mass and egg magi,; is the Po, value at which the
animal becomes an oxyconformer and is shown by the vertical
lines along thec-axis. N for each group is given in the figure
legends. All values are mear5.E.M. Unfilled symbols rep-
resent values that are significantly different from the control
values at thaP,, levelP <0.05). We were unable to calculate

a P.;; value for the hatchlings.

Results of repeated-measures ANCOVA showihgalues for each age group for chronic hypoxic condition effects, acute hypoxia
during measurement effects, chroriacute hypoxia interaction effects, and egg mass and residual of embryo mass covariate effects

P value for effects tested

Chronic Acute Chronic Egg Residual
hypoxic hypoxia Xacute mass of embryo
incubation interaction mass
Day 12 <0.005 <0.0001 <0.05 NS <0.0001
Day 18 <0.0001 <0.0001 NS NS <0.0001
Hatchling <0.001 <0.0001 NS <0.01 NS
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significant decreasdP<0.01) between day 18
and hatching(Fig. 3). There was a significant
interaction between the time of development and
the incubation condition in both hematocrit and
hemoglobin. Hematocrit in embryos from H6—-12
eggs compared with embryos from control eggs
was significantly higher on day 12ZP<0.05),
while on day 18 and in hatchlings, there were no
differences in hematocrifFig. 3a@. Hemoglobin
significantly increased P <0.01) from day 12 to
day 18 (Fig. 3b). There were no differences in
hemoglobin between treatment groups on any of
the measurement days. However, H6—12 embryos
had a higher, although not significant hemoglobin
concentration than the control embryos on day 12.

4. Discussion
4.1. Morphological responses to chronic hypoxia

A number of studies have shown that chronic
hypoxia decreases the growth of developing chick-
en embryos(Smith et al., 1969; Wangensteen et
al., 1974; McCutcheon et al., 1982Similarly, in
our study after a 6-day exposure to hypoxia during
either the first, second, or third period of incuba-
tion, embryo masses in all of the treatments were
significantly lower than the control embryos. This
differential response in body mass to chronic
hypoxia in developing chicken embryos was typi-
cally not observed in wild birds developing at high
altitude (Carey et al., 1982, 1989However, upon
removal of the hypoxia, the chicken embryos in
this study were able to recover body mass, such
that all treatment groups had a statistically similar
body mass as hatchlings.

Embryonic hypoxia has been achieved by cov-
ering portions of the chicken egg with a gas
impermeable coating through the entire length of
incubation(McCutcheon et al., 1982 Continuous
hypoxia in this way resulted in decreased embryo,
brain and liver mass, and a reduction in beak
length. However, there were no significant changes
in heart mass. Smith et al1969 found that
exposure to high altitude affected chicken-embryo
growth rates only prior to day 10 and after day 17
of incubation. Chicken eggs incubated at an alti-
tude (and correspondin@,) in between that of
Smith et al.(1969 and sea level resulted in no
difference in embryo mass throughout develop-
ment(Black and Snyder, 1980 Qur study differs
in that hypoxic exposure during all periods of
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- | ——H16
X 32 —=— H6-12
~ —e— Hi2-18
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20 r T . . . .
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6 . . . . . .
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Fig. 3.(b) Hemoglobin anda) hematocrit measured in embry-
0s on days 12 and 18 of incubation and in day-old hatchlings.
All values are mea#t S.E.M. Unfilled symbols represent val-
ues that are significantly different from the untreated values on
that incubation dayP <0.05); N=6-15.

development resulted in decreased embryo growth,
but the embryos were all able to make up the
deficit by the time they hatched.

Only a few studies have examined chronic
hypoxia over shorter time scales of development
in the chicken. Exposure to 15%,0 during the
late stages of developmefiday 16—18 resulted
in decreased embryo and heart m&Ssock and
Metcalfe, 1987; Asson-Batres et al., 198Similar
differences in embryo mass were observed in our
H12-18 embryos on day 18, but we did not
observe any differences in heart mass. This may
be due to our more sophisticated statistical analysis
using body and egg mass as a covariate. Experi-
ments with Canada geese that accounted for body
mass revealed that embryos incubated in hypoxia
had larger hearts than their normoxic counterparts
(Snyder et al., 1982 In our study, these differ-
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ences in embryo mass in response to late hypoxia
disappeared in the hatchlings of this treatment,
indicating that between day 18 of incubation and
hatching, growth rates of the H12-18 embryos
may actually be accelerated compared with the
controls.

4.2. Metabolic responses to chronic hypoxia

This is one of the first studies to examine how
chronic hypoxic exposure in early, middle and late
incubationdifferentially affectsVo, and its regu-
lation. Exposure during the middle third of incu-
bation had long-term effects on thé,, of the
chicken eggs. Initially, it resulted in a greater
ability to cope with hypoxic exposure, but ulti-
mately led to a decreaséd,, at hatching when
compared with the control group. The reverse was
true of H1-6 embryos, which initially had a low
Vo, On day 12, with no ability to regulate in
response to acute hypoxic exposure. By hatching,
they had recovered to exhibit,, values similar
to the control hatchlings.

A number of studies have examined the effect
of either acute or chronic exposure to hypoxia on
Vo, in chicken embryos. Tazawa et &1992
examined the response to acute hypoxic exposure
and found tha¥,, of eggs on days 12 and 18 and
of hatchlings significantly decreased in response
to 1-h exposure to either 15 or 10% O . Exposure
of up to 4 h esulted in continuous decreases in
Vo, for the day-12 and -18 embryos, but not the
hatchlings. None of th&,, measurements made
in this study during acute hypoxic exposure at 110
(15% O,) and 78 mmHg(10% O,) resulted in
Vo, changes as large as those observed by Tazawa,
et al.(1992. However, our exposure times at each
Po, level were shorter than énl h used by Tazawa
et al. (1992, which may account for the slightly
higher Vo, in our study. On day 12, exposure to
chronic hypoxia during incubation resulted in a
decreased response to changesVig, to acute
hypoxic exposure, as indicated by the lowes;
in the H6—12 embryo$Fig. 2). Previous hypoxic
exposure tended to decrease iPg, of the eggs
in relation to the control eggs. Similarly, Canada
geese raised in mild hypoxia throughout incubation
had Vo, prior to internal pipping that was less
sensitive to acute hypoxia than the contré@ny-
der et al., 1982

Stock and Metcalfe(1987) exposed eggs to
15% O, hypoxic conditions on days 16, 17 and
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18. They found a decrease o, from 0.41 to
0.34 ml Q min! egg® between the control eggs
and those exposed to chronic hypoxia from day
16 to 18, suggesting that short period® h) of
hypoxia elicit a decrease i, late in incubation.
However, they only measured,, at tlRy,,  at
which the eggs were incubated. In our study,
in normoxia (151 mmHg did not differ between
the control and the H12—-18 embryos. However, if
Vo, is examined at ®@,, of 151 mmHg in control
eggs(0.45 ml Q@ mim?! egg?) and in H12-18
eggs at aPo, of 110 mmHg0.38 ml G, min*
egg V), a similar difference appears. However,
when the control eggs were measured &z of
110 mmHg, they had a lowe¥, (0.34 ml G,
min~* egg Y. If Stock and Metcalfe(1987) had
measuredV,, at the same,O level for both
treatments, the differences observed may have
disappeared.

Exposure to hypoxia during the development of
a number of wild species had little effect on
metabolic rate throughout development. There
were no differences Vo, from hypoxic- and
normoxic-incubated alligator eggs throughout all
of incubation(Warburton et al., 1996 Wild bird
species developing along an altitudinal gradient
showed no difference in metabolic rates or hatchl-
ing masgCarey et al., 198R At higher elevations,
4150 m, coot embryos exhibited a decreased met-
abolic rate, even though they had similar mass
(Carey et al.,, 198P Thus, developing chicken
embryos have a larger negative response to hypox-
ic conditions than wild birds that typically develop
along a range of altitudes with various hypoxic
conditions. These differences may be due to the
long-term adaptation of wild species that have
evolved at high altitude under hypoxic conditions.

4.3. Hematological responses

Our measurements of both hematocrit and
hemoglobin through development of the chicken
embryo agree with values reported by a number
of studies (Yosphe-Purer et al., 1953; Johnston,
1955; Tazawa, 1971, 1984; Tazawa et al., 1971b;
Baumann et al., 1983 A handful of studies have
examined the effect of chronic hypoxia during
short periods of development on hematocrit and
hemoglobin levels. Dusseau and Hutchii9898
found that chronic 15% © from day 7 to 10 did
not produce differences in hematocrit on day 10,
but hypoxia continued to day 14 produced a
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significant increase in hematocrit, similar to the
increase observed on day 12 in our H6-12
embryos.

Both hematocrit and hemoglobin have been
found to increase in response to hypoxia during
late stages of development in chicken embryos. A
reduction in gas exchange across the shell by
covering one-quarter of the shell resulted in grad-
ual increases from day 14 to 18 in hemoglobin
and hematocrit when compared with the controls
(Tazawa et al., 1973a Similarly, decreased egg
conductance for the entire incubation resulted in a
larger variance in both hematocrit and hemoglobin
in embryos, with little change in the mean values
on day 16(Nakazawa and Tazawa, 198&hort-
term decreases in conductance occurring on day
17-18 or day 18-19 caused either no changes in
hemoglobin with increases in hematocrit, or
increases in both valueéTazawa et al., 1988
Throughout development, montane coot embryos
incubated at 4150 m had significantly higher
hematocrit levels compared with lowland coots
incubated at 150 m(Carey et al., 1998 In
contrast, we did not observe a differential hypoxic
response in either hemoglobin or hematocrit over
the last third of incubation in the H12—18 embryos.
The changes that were observed in embryos from
H6—12 eggs on day 12 disappeared by day 18.
Thus, these changes were not long-lasting.

Changes in hematocrit and hemoglobin can
occur earlier in development in response to hypox-
ia. Baumann et al(1983 measured hematocrit
and hemoglobin on days 6—9 on embryos that had
been chronically exposed to 13.5%, O from the
beginning of incubation. They found that hemato-
crit and hemoglobin did not differ on day 6 of
incubation. Hemoglobin decreased in comparison
to the controls as development in hypoxia contin-
ued. Hypoxic-incubated eggs tended to switch
from the embryonic form of hemoglobin to the
adult form at an earlier stagéBaumann et al.,
1983.

Other changes have been observed in the car
diovascular system of avian eggs in response to
hypoxia. Under hypoxic incubation conditions, the
timing of the change in ATP and 2,3-bisphosphog-
lycerate levels occurs earlier in development,
resulting in changes in the affinity of hemoglobin
for oxygen(Baumann et al., 1986; Dragon et al.,
1996, 1999. The vascular density of the chorio-
allantoic membrang/CAM) has been shown to
increase under hypoxia in a number of studies
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(Dusseau and Hutchins, 1988; Corona and War-
burton, 2000. Capillary density, but not myoglo-
bin concentration, increases in Canada geese in
response to hypoxic incubatiofiSnyder et al.,
1984). All of these physiological changes in
response to hypoxia may have critical windows of
development, when they are most sensitive to
hypoxia and may influence thé,, and growth of
embryos in different ways.

4.4.  Critical
trajectories

windows and  developmental

Burggren and Fritschg1997) and Burggren
(1999 have proposed a model by which environ-
mental perturbationgabiotic or biotio may affect
the genetically programmed developmental trajec-
tory of a fertilized animal egg. Generally, a fertil-
ized egg follows a genetically dictated
developmental trajectory in undisturbed environ-
mental conditions, resulting in a given hatchling
phenotype. Environmental perturbations may result
in the embryo developing along a new develop-
mental trajectory.

Fig. 4 schematically shows how the physiolog-
ical and morphological developmental trajectories
of chicken embryos differed between the three
treatments of hypoxic incubation in this study. All
of the treatments resulted in a change in the
developmental trajectory from the control trajec-
tory. Two of the treatments, H1-6 and H12-18,
resulted in different phenotypes at times before
hatching that deviated from the control phenotypes,
but ended up with similar phenotypes as hatchlings
(Fig. 4a,0. Embryos exposed to hypoxia during
the first third of incubation(H1-6) followed a
trajectory that had a lowe¥,, and smaller mass
on day 12 of incubation, but no statistical differ-
ences in these parameters by the time they hatched
(Fig. 4a@. Exposure to hypoxia during the last
third of incubation(H12—-18 initially resulted in
lower wet and dry mass on day 18, but by hatching
they had only a smaller dry masEig. 40).

Chronic hypoxic exposure of eggs during the
middle third of incubationH6—12) had the long-
est-lasting effectFig. 4b). On day 12, these eggs
had a greater ability to regulaié,, and a higher
survival in the face of decreasing acltg,  levels.
The body size difference observed on day 12
disappeared in the yolk-free hatchlings. Although
embryos from H6—-12 eggs were able to achieve a
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This Hatchling
Smaller mass
@ Phenotype
Lower Vo,
—
/ \ Control
.............................. —_—
Egg and
110 mmHg 151 mmHg 151 mmHg | Day H1-6
Day 1-6 Day 6-12 Day 12-18 | 18-h Hatchlings
H6-12 !
(b) TH6-12 :

1
|
Smaller mass : Hatchlings:
Lower V02 : Lower V()2 :
1

—— p | Control
Egg Hatchlings
151 mmHg 110 mmHg 151 mmHg | Day
Day 1-6 Day 6-12 Day 12-18 | 18-h

© Thizas
Smaller mass

/ \ Control
and

Egg H12-18
151 mmHg | 151 mmHg 110 mmHg | Day Hatchlings
Day 1-6 Day 6-12 Day 12-18 | 18-h

Fig. 4. Developmental trajectories of chicken embryo phenotypes developing under various regimes of chronic bgpdiia.
developmental trajectory of embryos exposed to hypoxia from day 1 to 6. The horizontal solid and dashed line represents the devel-
opmental trajectory of the control animals. Hatchlings from treatments in the same box share a similar phémofypeelopmental

trajectory of embryos exposed to hypoxia from day 6 to (t2.Developmental trajectory of embryos exposed to hypoxia from day 12
to 18.

mass not significantly different from embryos of What mechanisiis) could account for this differ-
control eggs by the time of hatching, thés, ence? From day 6 to day 12, the chorioallantoic
differed in H6—12 hatchlings. membrane grows from 35% to 100% coverage of
Collectively, these data indicate that a critical the egg surface ard@ckerman and Rahn, 1980
window appears to be present in the development Although the density of the capillaries increases
of Vo, in response to chronic hypoxia. During the (Dusseau and Hutchins, 1988n response to
middle third of incubation(H6—12), the develop- hypoxia, the overall CAM development may be
ing embryo was most affected by the hypoxic inhibited. This would translate into metabolic
exposure, with long-term changesiig,  occurring.  changes for these embryos. Further experiments
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are required to identify the mechanisms involved
in the V, changes.

Chicken embryos are very sensitive to hypoxia
during development{Wangensteen et al., 1974;
McCutcheon et al., 1982; Stock and Metcalfe,
1987. We found that embryos were most sensitive
to mild chronic hypoxia during the middle third
of incubation, with metabolic rates remaining sig-
nificantly different from the control animals
through hatching. Embryos were able to correct
their developmental trajectories after exposure to
hypoxia during the first or last third of incubation,
ultimately resulting in the normal phenotype at
hatching. The timing of hypoxic exposure plays a
role in the developmental trajectories of these
animals. Further investigation into the timing of
developmental changes in the cardiovascular sys-

tem is needed to determine the cause for the
differences observed in the H6-12 chicken
embryos.
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