
The response to hypoxia in the developing fetal lamb (for
review see Hanson, 1988; Jensen et al. 1991; Giussani et al.
1994) is characterized by hypertension, bradycardia and
cardiac output (CO) redistribution to the heart, brain and
adrenals at the expense of peripheral organs. A comparable
response has been observed in the developing chick embryo
when exposed to anoxia (van Golde et al. 1997; Mulder et al.
1998). Organs that are crucial to fetal survival — brain,
heart and adrenals — respond directly to local changes in POµ

to maintain Oµ delivery at the expense of delivery to other
areas of the body. Blood flow to the peripheral organs
decreases secondary to increases in activity of the
sympathetic nervous system and increases in catecholamine
and vasopressin concentrations (Hanson, 1988). In contrast,
as described in adults, the response to hyperoxia is the
opposite of that to hypoxia. Increases in arterial POµ cause a
decrease in the fractions of the CO to the brain, heart and
adrenals, probably as a result of local vasoconstriction
(Peeters et al. 1979; Ashwal et al. 1984; Iwamoto et al. 1987;
Jackson et al. 1987; Blanco et al. 1988; Gleason et al. 1988;

Bendeck & Langille 1992; Menke et al. 1993; Lundstrœm et

al. 1995). However, this response was observed in adults and
in late gestation fetuses, and the time at which vaso-
constriction occurs in response to hyperoxia exposure
during development is not known.

Oxygen is not only life giving but might also be toxic during
hyperoxic conditions due to increased production of reactive
oxygen species (ROS). Therefore it is important to regulate
the oxygen supply. Hyperoxia and the resulting increase in
aerobic metabolism are known to generate ROS that can
interact with proteins, DNA and lipids resulting in cellular
oxidative damage (Frank, 1985; Saugstad, 1990). Several
harmful effects of hyperoxia have been observed after oxygen
treatment of newborn babies, such as bronchopulmonary
dysplasia, retinopathy of prematurity, necrotizing
enterocolitis and patent ductus arteriosus (Saugstad, 1990).
A vasoconstrictor response during hyperoxia might serve
two goals: regulation of tissue oxygen supply (Iwamoto et al.
1987) and protection against an increase in metabolic rate
(Frank, 1985).
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1. Hyperoxia can cause local vasoconstriction in adult animal organs as a protective mechanism
against hyperoxia-induced toxicity. It is not known at what time during development this
vasoconstrictor capacity is present. Therefore, we measured the cardiac output (CO)
distribution in different organs during a period of acute hyperoxia (100% Oµ) in the
developing chick embryo.

2. Fertile eggs were divided into five incubation time groups (10 and 11, 12 and 13, 14 and 15,
16 and 17, and 18 and 19 days of a normal incubation time of 21 days). Eggs were opened at
the air cell and a catheter was inserted into a branch of the chorioallantoic vein for injections
of 15 ìm fluorescent microspheres during normoxia and at the end of 5 min (test group 1;
n = 39) or 20 min (test group 2; n = 21) of hyperoxia exposure (100% Oµ). The fraction of
CO to an organ was calculated as the fluorescence of the organ sample divided by the sum of
the fluorescence of all organs.

3. Only in 18- and 19-day-old embryos did hyperoxia cause a decrease in the fractions of CO to
the heart and carcass, and an increase in those to the yolk-sac and chorioallantoic membrane.
This response was more pronounced after 20 min (test group 2) than after 5 min (test group 1)
of hyperoxia with an additional decrease in the fractions of CO to the brain, intestine and
liver (test group 2).

4. These data indicate that local mechanisms for hyperoxia-induced vasoconstriction in the
heart, brain, liver, intestine and carcass develop late, during the final 15% of the incubation
period, in the developing chick embryo.
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Because the chick embryo has been shown to be a feasible
model in fetal physiology due to easily controllable gas
exchange, and rapid development compared with the fetal
sheep (van Golde et al. 1997; Mulder et al. 1998), this model
was used to determine the changes in the fractions of CO to
different organs in response to an increased arterial PO

2
level,

during the second half of the incubation period. The first
aim was to determine the age at which the vasoconstriction
response to 5 min of hyperoxia was present. The second aim
was to determine the temporal effects of the response by
applying two different durations of hyperoxia exposure (5 or
20 min exposure to 100% Oµ) in the older groups.

METHODS

Animals

This work was performed in accordance with Dutch law for animal
experimentation. Fertilized White Leghorn eggs were incubated at
38°C and 60% humidity. During incubation, eggs were turned
hourly along their long axis to prevent adhesions between the
embryo and its membranes and to avoid abnormal development
(Tazawa, 1981; Pearson et al. 1996). Chick embryos were studied
during the second half of the incubation period, corresponding to
stages 36—44, according to Hamburger & Hamilton (1951). To

document the response to 5 min of hyperoxia we studied 39 chick
embryos (test group 1) at five different incubation periods: 10 and
11 days (n = 6), 12 and 13 days (n = 8), 14 and 15 days (n = 8), 16
and 17 days (n = 6) and 18 and 19 days (n = 11). The response to
20 min of hyperoxia was studied in 21 chick embryos (test group 2)
at two different incubation periods: 16 and 17 days (n = 7) and 18
and 19 days (n = 14).

Preparation

The measurements were done inside a clinical infant incubator at a
temperature of 38°C and 60% humidity. After the air cell at the
blunt side of the egg had been opened with an electric saw, the egg
was placed in a small Plexiglass holder, through which there was a
continuous flow of a Nµ—Oµ mixture (5 l min¢), at 38°C and 60%
humidity. A catheter was inserted into a branch of the chorio-
allantoic vein for injection of fluorescent microspheres, as described
previously (Mulder et al. 1997).

Protocol

For each injection, 0·2 ml of a suspension of microspheres
(100000 microspheres ml¢) in 0·05% Tween 80 was used (sphere
diameter, 15 ìm; Fluospheres, Molecular Probes Inc., Eugene, OR,
USA). Five minutes after insertion of the catheter, yellow—green
fluorescent microspheres were injected (normoxia level). Three
minutes later the chick embryo was exposed to hyperoxia by
application of 100% Oµ (5 l min¢, at 38°C and 60% humidity) to
the Plexiglass holder. In test group 1, the second microsphere
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––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Table 1. Fraction of the CO distribution (%) directed to different organs during normoxia and 5 min

of hyperoxia (test group 1) in the developing chick embryo from days 10 to 19

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Heart Brain Intestine Liver Carcass CAM Lungs Yolk-sac
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Days 10 and 11 (n = 6)

Normoxia 1·34 3·20 1·87 1·07 28·88 54·84 0·41 13·65
(0·78—1·77) (1·25—3·56) (0·784—2·11) (0·36—1·49) (17·49—34·06) (44·95—59·74) (0·12—0·80) (6·57—18·89)

Hyperoxia 1·51 3·22 2·11 1·38 27·99 46·69 0·72 17·36
(1·07—2·0) (1·65—4·86) (1·40—2·61) (0·44—1·93) (21·56—31·87) (38·78—64·10) (0·50—0·86) (5·77—19·6)

Days 12 and 13 (n = 8)
Normoxia 2·90 3·81 2·83 2·3 26·81 48·32 0·76 11·9

(2·41—3·39) (2·5—5·65) (1·75—3·75) (1·66—2·65) (24·03—31·92) (44·33—51·66) (0·5—1·12) (8·81—16·86)
Hyperoxia 3·75 4·29 3·23 2·5 28·14 47·6 0·58 14·02

(2·43—4·39) (3·68—5·71) (2·26—4·83) (1·91—3·29) (19·17—34·13) (33·9—51·47) (0·48—0·96) (7·84—15·4)

Days 14 and 15 (n = 8)
Normoxia 3·22 3·60 2·75 3·26 36·87 44·45 0·82 7·71

(1·94—4·29) (2·66—4·34) (1·88—3·43) (1·36—5·64) (28·53—38·38) (35·15—49·76) (0·44—1·15) (5·0—12·63)
Hyperoxia 3·01 3·34 2·25 2·77 34·69 42·84 0·88 11·96

(2·12—3·44) (2·11—4·41) (1·66—3·98) (1·09—3·92) (26·26—41·81) (30·96—51·69) (0·41—1·42) (7·36—12·89)

Days 16 and 17 (n = 6)
Normoxia 3·26 3·67 4·4 2·83 34·72 48·26 0·74 3·7

(2·8—4·34) (2·3—6·06) (0·73—5·84) (0·85—6·03) (19·57—52·46) (20·43—60·83) (0—1·45) (2·21—7·04)
Hyperoxia 2·18 3·85 3·19 2·48 33·14 41·28 0·58 5·13

(0·54—5·24) (1·43—4·67) (0·62—5·4) (0·54—6·51) (24·73—43·19) (24·55—70·85) (0—3·64) (3·32—8·69)

Days 18 and 19 (n = 11)
Normoxia 4·6 6·82 4·99 2·12 42·84 35·72 0·75 2·11

(3·19—5·67) (5·16—8·09) (3·88—7·03) (1·93—3·53) (25·13—42·05) (30·6—40·39) (0·43—1·3) (1·08—3·31)
Hyperoxia 2·28 6·23 5·94 1·39 29·36 50·04 0·74 3·34

(1·9—3·09) * (4·3—6·48) (4·3—6·77) (1·12—2·37) (25·1—42·05) * (32·97—56·14) * (0·47—1·4) (2·02—4·16) *
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Data are expressed as the median with the interquartile range in parentheses. *Significant difference
compared with normoxia (P < 0·05). CAM, chorioallantoic membrane.

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



injection (orange) was performed during the last minute of a 5 min
hyperoxia period. In test group 2, the second injection was
performed during the last minute of a 20 min hyperoxia period.
After the experiment, chick embryos were removed from the egg
shell and membranes and immediately decapitated. Afterwards,
the CAM (chorioallantoic membrane, placenta equivalent), brain,
heart, lungs, intestine, liver and yolk-sac were dissected.

In another group of chick embryos, on days 16 and 17 (n = 10) of
the incubation period blood samples were obtained for blood gas
analysis of the experimental conditions. The pH, PO

2
and PCO

2
were

determined after 5 min (n = 5) and 20 min (n = 5) of hyperoxia
(100% Oµ). The embryos were exposed to the same environmental
conditions as the experimental group. To obtain the samples, the
chorioallantoic artery was carefully lifted with forceps and a curved
30 gauge needle was inserted contrary to the blood stream. Blood
samples (0·2 ml) were collected in a heparinized syringe and
analysed at 38°C (Radiometer ABL3, Copenhagen). Values were
corrected for embryonic temperature.

Analysis of microsphere distribution

Fluorescence in whole organs (CAM, brain, heart, lungs, intestine,
liver and yolk-sac) and in the remaining carcass was determined.
The organs were digested in a 2 Ò ethanol—KOH solution for 48 h
at 60°C. The microspheres were isolated from the homogenate by
centrifugation, as described by van Oosterhout et al. (1995). The
dye was extracted from the final pellet by addition of 3 ml 2-(2-
ethoxyethoxy)ethylacetate (100%) and the fluorescence was
determined by fluorimetry using a LS-50B fluori-spectrometer
(Perkin Elmer). No correction for spectral overlap was used since
the excitation and emission spectra of the injected microsphere dyes
were well separated from each other (dye characteristics: yellow—
green: 490 nm excitation maximum, 506 emission maximum;
orange: 530 nm excitation maximum, 552 emission maximum).
During fluorimetry all samples had the same volume (3 ml). The
fraction of CO to an organ was calculated as the level of the
fluorescence in the tissue, after correction for background, divided
by the sum of the fluorescence of all organs.

Statistical analysis

The data are expressed as median with interquartile range
(p25—p75). Significant differences in CO distribution during hyper-

oxia (100% Oµ) compared with distribution during normoxia were
analysed by a non-parametric sample test (Wilcoxon signed-rank
test). Differences were considered significant at P < 0·05.

RESULTS

Exposure of eggs to 100% Oµ caused an increase in
chorioallantoic artery oxygen tension, while pH and arterial
PCO

2
remained unchanged. Median PO

2
values were 5·65 kPa

(range, 5·04—7·71 kPa) after 5 min hyperoxia and 6·56 kPa
(range, 6·03—8·13 kPa) after 20 min hyperoxia, compared
with the PO

2
range 3·12—6·02 kPa previously reported

during normoxia (van Golde et al. 1996).

During normoxic conditions, in both test groups a large
fraction of the CO was directed to the CAM and a relatively
small fraction to the heart, brain, intestine and liver
(Tables 1 and 2). In both groups, no significant changes in
the fractions of CO in response to hyperoxia were observed
in chick embryos less than 18 days old. In 18- and 19-day-
old embryos, a significant decrease in the fractions of CO
directed to the heart (−50·43% of normoxia level) and
carcass (−31·47%), and a significant increase in those to the
CAM (+40·09%) and yolk-sac (+58·29%) were observed
after 5 min of hyperoxia (test group 1; two-related sample
test, *P < 0·05 vs. normoxia; Table 1). When the duration
of exposure to hyperoxia was prolonged to 20 min (test
group 2), a significant decrease in the fractions of CO to the
heart (−61·71%) and carcass (−25·69%) was again
observed, but in addition the fractions of CO to the brain
(−32·86%), intestine (−47·09%) and liver (−30·09%) also
decreased significantly. In these embryos, the fractions of
CO to the lungs (+42·75%), CAM (+38·28%) and yolk-sac
(+25·0%) increased significantly (Wilcoxon signed-rank
test, *P < 0·05 vs. normoxia; Table 2). Figure 1 illustrates
the relative percentage changes in CO distribution after
20 min hyperoxia.
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––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Table 2. Fraction of the CO distribution (%) directed to different organs during normoxia and

20 min of hyperoxia (test group 2) in the developing chick embryo from days 16 to 19

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Heart Brain Intestine Liver Carcass CAM Lungs Yolk-sac
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Days 16 and 17 (n = 7)

Normoxia 4·38 4·13 3·92 4·48 37·11 40·33 1·01 3·49
(1·53—5·35) (3·0—6·65) (2·68—5·06) (2·26—6·07) (34·48—48·44) (35·13—46·76) (0·58—1·77) (1·75—8·05)

Hyperoxia 2·96 5·09 5·41 3·1 29·69 36·16 2·29 8·93
(1·3—4·64) (3·66—6·8) (2·11—8·57) (1·76—5·7) (25·65—50·05) (18·71—46·17) (0·31—3·89) (0·6—15·75)

Days 18 and 19 (n = 14)
Normoxia 4·03 5·63 6·54 4·11 42·32 28·79 1·38 3·28

(2·93—6·36) (4·99—10·57) (3·39—9·81) (3·36—4·94) (34·0—54·89) (20·15—36·13) (0·53—1·95) (2·11—3·74)
Hyperoxia 1·43 3·78 3·46 2·84 31·45 39·81 1·97 4·1

(1·14—2·59) * (2·37—5·64) * (2·79—6·23) * (1·84—4·32) * (22·55—43·39) * (25·46—54·39) * (1·1—2·5) * (2·66—7·31) *

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Data are expressed as the median with the interquartile range in parentheses. *Significant difference

compared with normoxia (P < 0·05).
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



DISCUSSION

CO distribution during normoxic conditions was similar to
data reported previously from a larger group of chick
embryos (Mulder et al. 1997) and from the late gestation
sheep fetus (Jensen et al. 1991). A large fraction of the CO
was directed to the CAM and a relatively small fraction to
the brain, heart, liver and intestine. This study showed that
exposure to hyperoxia for 5 or 20 min, late in the incubation
period, resulted in a decrease in the fractions of CO to the
heart and carcass of the chick embryo, whereas the fractions
to the CAM and yolk-sac increased. When the hyperoxia
exposure was prolonged to 20 min, the response was
augmented, and a decrease in CO fractions to the brain,
intestine and liver was also observed. Hyperoxia had no
effect on organ perfusion before the final 15% of the
incubation period of the developing chick embryo.

At birth, PO
2
increases from about 25 to 85 mmHg, which

reduces the perfusion demands, and may contribute to
decreased blood flow to skeletal muscles, brain, skin, bone,
carcass and adrenal glands, mediated by local vaso-
constriction (Bendeck & Langille, 1992; Lundstrœm et al.

1995). Regional blood flow is also redistributed during
maternal hyperoxygenation late in gestation (Niijima et al.
1988; Almstrom & Sonesson, 1996). Studies on chronically
catheterized fetal sheep (Peeters et al. 1979; Iwamoto et al.
1987; Blanco et al. 1988; Gleason et al. 1988) and fetal
rhesus monkey (Jackson et al. 1987) showed a decreased
blood flow to the adrenals, brain and heart with increased
oxygenation. All these studies were performed late in
gestation or in the newborn. To our knowledge, the effects
of hyperoxia on organ perfusion have not been investigated
early in gestation to determine the point at which hyperoxia

causes vasoconstriction. In the present study, the developing
chick embryo was used to investigate the maturation of
the vasoconstriction response to hyperoxia. Our study
demonstrates that in the developing chick embryo
redistribution of the CO in response to hyperoxia does not
occur before the final 15% of the incubation period.

Development of the response to hypoxia is better described
than that to hyperoxia. In the developing chick embryo,
anoxia (100% Nµ, causing isocapnic hypoxaemia with mean
arterial POµ of 1·2 kPa) causes CO redistribution in favour of
the heart and brain at the expense of the intestine, liver,
yolk-sac and carcass from day 14 (Mulder et al. 1998). From
studies in fetal sheep, it is known that this response is
mediated by neurohormonal mechanisms (Hanson, 1988).
Increased levels of catecholamines, but also vasopressin,
opioids and prostaglandins, cause vasoconstriction in
vascular smooth muscle cells (Jones & Robinson, 1975;
Millard et al. 1979; Faucher et al. 1987; Hanson, 1988;
Espinoza et al. 1989).

Vasoconstriction during hyperoxia exposure has been
attributed to a direct effect of oxygen on the vessel wall
(Lewis, 1968; Sparks, 1980) or to a release of vaso-
constrictor factors, such as leukotrienes, prostaglandin F2á

and thromboxane Aµ (Stuart et al. 1984; Gurtner et al.

1985; Wagerle & Mishra, 1988). Furthermore, increased
release of ROS during hyperoxia, generated by cyclo-
oxygenase-1 in endothelial cells, might produce vaso-
constriction by inhibiting the synthesis or the action of
vasodilatory components such as prostacyclin (PGIµ) or
nitric oxide (Stuart et al. 1984). In contrast, it is also
reported that ROS could reduce vascular reactivity by
inhibition of calcium transport and reduction of the vaso-
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Figure 1. Magnitude of response to 20 min hyperoxia at incubation days 18 and 19

The bars represent the median change expressed as a percentage of normoxia level with the interquartile
range (p25—p75). *Significant difference compared with normoxia (P < 0·05). Error bars indicate ± s.d.



constrictor response to thromboxane (which is dependent
upon Ca¥ influx) (Gurtner et al. 1985; Hardy et al. 1994).
These conflicting reports do not help to explain the role of
ROS in the vasomotor responses in our model, but further
research should clarify this. Furthermore, differences in
vasoconstrictor response after changes in oxygen tension at
different stages of development and in different organs
might be explained by different ion channel densities in
vascular smooth muscle cells (Weir et al. 1997).

In summary, we can conclude that hyperoxia causes a
decrease in the fractions of CO to the brain, heart, liver,
intestine and carcass in the chick embryo, but only after
18 days of incubation. The diversity of response in vascular
smooth muscle cells to changes in oxygen tension at
different stages of development and in different organs
might be determined by the capacity for production of vaso-
constrictor factors, the distribution of a variety of ion
channels in the vascular smooth muscle cells and the
production of ROS. Further studies are needed to determine
the exact mechanisms underlying the vascular response to
hyperoxia.
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