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Although it is accepted that impaired placental perfusion in complicated pregnancy can slow fetal growth and programme an increased risk of
cardiovascular dysfunction at adulthood, the relative contribution of reductions in fetal nutrition and in fetal oxygenation as the triggering
stimulus remains unclear. By combining high altitude (HA) with the chick embryo model, we have previously isolated the direct effects of HA
hypoxia on embryonic growth and cardiovascular development before hatching. This study isolated the effects of developmental hypoxia
on cardiovascular function measured in vivo in conscious adult male and female chickens. Chick embryos were incubated, hatched and raised at
sea level (SL, nine males and nine females) or incubated, hatched and raised at HA (seven males and seven females). At 6 months of age,
vascular catheters were inserted under general anaesthesia. Five days later, basal blood gas status, basal cardiovascular function and cardiac
baroreflex responses were investigated. HA chickens had significantly lower basal arterial PO2 and haemoglobin saturation, and significantly
higher haematocrit than SL chickens, independent of the sex of the animal. HA chickens had significantly lower arterial blood pressure than SL
chickens, independent of the sex of the animal. Although the gain of the arterial baroreflex was decreased in HA relative to SL male chickens, it
was increased in HA relative to SL female chickens. We show that development at HA lowers basal arterial blood pressure and alters baroreflex
sensitivity in a sex-dependent manner at adulthood.
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Introduction

Overwhelming evidence obtained from studies in human
links development under sub-optimal intrauterine conditions
with increased risk of cardiovascular disease.1 Common
sub-optimal intrauterine conditions include impaired fetal
nutrition and oxygenation. Consequently, many studies have
now accumulated to report that nutrient2–4 and oxygen2,5–9

restriction during development promotes intrauterine growth
restriction (IUGR) and programmes cardiovascular dysfunction
in the adult offspring.

Several studies, including our own, have used exposure
of the pregnant rodent to a prolonged period of hypoxia
during gestation and have studied adverse effects on fetal
growth and on the cardiovascular system of the offspring at
adulthood. These studies have reported that prenatal chronic
hypoxia with or without IUGR programmes in the adult
offspring impaired cardiac performance with increased sus-
ceptibility to cardiac ischaemia/reperfusion injury6–10 and
pronounced endothelial dysfunction in peripheral resistance

circulations.8,9,11 However, because maternal exposure to
hypoxia can lead to a significant decrease in maternal food
intake,12,13 the extent to which any adverse effects on the
offspring are due to fetal undernutrition and/or under-
oxygenation remain unclear.

More than 140 million people live at altitudes higher than
3000 m, providing the largest single human group at risk for
fetal exposure to hypoxia.14 Studies of highland populations
have reported fetal growth restriction and adverse cardiovas-
cular alterations in offspring of high altitude (HA) relative to
those of sea level (SL) pregnancies.15–23 However, because
most of HA populations are also impoverished, the relative
contributions of fetal hypoxia and of malnutrition in slowing
fetal growth and programming cardiovascular dysfunction,
again, remain uncertain.

The chick embryo provides a useful model to investigate
the direct effects on fetal growth and on programming of
cardiovascular dysfunction of developmental hypoxia inde-
pendent of additional effects on the nutrition of the mother
and/or on the maternal or placental physiology and/or on
lactation.24–26 By combining HA exposure with the chick
embryo model, we have previously been able to isolate the
direct effects of HA hypoxia on fetal growth27 and on fetal
cardiovascular development.28 Incubation of fertilized eggs
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from SL hens at HA promoted growth restriction, cardiomegaly
and cardiac and aortic wall thickening in the chick embryo by
the end of the incubation period.27,28 These effects of HA
incubation could be prevented by incubating eggs from HA hens
at SL or by incubating eggs from SL hens at HA with oxygen
supplementation.27,28 In the present study, we have combined
HA exposure with the chick embryo model, to isolate the effects
of HA hypoxia during embryonic development and postnatal
life on cardiovascular function measured in vivo at adulthood.
Because in this model the hypoxic environmental condition
persists before and after hatching, the study also permits the
investigation of the effects of a ‘double insult’ in triggering
cardiovascular dysfunction. As it is established that differences in
sex affect developmental origins of cardiovascular disease,29 this
study investigated both male and female adult chickens.

Methods

All procedures were approved by the local ethics committee of
the Bolivian Institute for High Altitude Biology (Consejo
Técnico, IBBA, Universidad Mayor de San Andrés, La Paz,
Bolivia) and were performed under the UK Animals (Scientific
Procedures) Act 1986.

Animals

The study was conducted in Bolivia, in the HA city of La Paz
(HA, 3600 m, 494 mmHg, PO2 100 mmHg) and the SL city
of Santa Cruz (SL, 420 m, 760 mmHg, PO2 160 mmHg).
Eighteen (nine males and nine females) Black Leghorn chicken
embryos were incubated, hatched and raised at SL and 14
(seven males and seven females) Black Leghorn chicken
embryos were incubated, hatched and raised at HA. At
6 months, which in this species represents early adulthood,
the animals were subjected to general anaesthesia (10 mg/kg
Xylazine 2%, Millpledge Pharmaceuticals, United Kingdom
and 15 mg/kg Ketamine, Ketaset, Fort Dodge Animal Health,
Iowa, USA, i.m.) and the femoral artery and vein were iso-
lated via a hind limb medial incision. Polyvinyl catheters (i.d.
0.58 mm; o.d. 0.96 mm; Critchly Electrical Products, NSW,
Australia) were placed in the descending aorta and inferior
vena cava. The catheters were filled with heparinized saline
(100 i.u. heparin in 0.9% NaCl), plugged with a brass pin
and tunnelled subcutaneously to exit between the origin
of the wings at the back of the chicken. After surgery, the ani-
mals were returned to a recovery room and then to floor pens.
At least 5 days of post-operative recovery were allowed before the
beginning of any experiment. Catheters were maintained patent
by daily flushing with heparinized saline. At this time, an arterial
blood sample was taken to monitor well-being.

Experimental protocol

On the day of experiments, the chicken was placed in a sling
inside a dark wooden box with appropriate ventilation.

The catheters were extended. The arterial catheter was con-
nected to a pressure transducer (COBE; Argon Division,
Maxxim Medical, Athens, Texas, USA) at the level of the
base of the heart. Mean (MAP), systolic (SAP) and diastolic
arterial pressure (DAP) and heart rate (HR) were recorded
continuously via a data acquisition system (MPAQ – Maastricht
Programmable AcQuisition system, Maastricht Instruments,
The Netherlands, 500 Hz sample rate).

During basal recording, before the start of any experiment,
0.5 ml of arterial blood was taken to determine pHa, PaO2

and PaCO2 (ABL 500, Radiometer, Copenhagen, Denmark,
measurements corrected to 378C), percentage saturation of
haemoglobin (SaO2) and haematocrit (Ht; OSM3, Radiometer,
Copenhagen, Denmark).

The chicken was then subjected to a protocol consisting
of a 10-min period of baseline (B), a 10-min intravenous
infusion (I) and 10-min period of recovery (R). The infusion
consisted of either phenylephrine (50 mg/kg per min) or sodium
nitroprusside (20 mg/kg per min) in separate experiments. The
experiments were performed on the same day with at least
2 h between them to allow the cardiovascular variables to return
to basal values. The phenylephrine experiment always preceded
the infusion of nitroprusside.

At the end of the experiments, the chicken was humanely
killed with an overdose of anaesthetic (100 mg/kg, Thiopental
injection BP, Link Pharmaceuticals Ltd, UK, i.v.). Post mortem,
the chicken was weighed and several body measurements
were taken.

Data and statistical analyses

Baseline values for MAP, HR, pulse interval (PI; HR/60,000)
and the rate pressure product [RPP; (HR 3 SAP)/1000] were
calculated. In brief, the calculation of the baroreflex gain
required two steps. The first step was the calculation of the
slope of the HR–blood pressure relationship and the max-
imum and minimum values for HR for each animal. This was
achieved by plotting the minute-by-minute HR and blood
pressure responses during the beginning of the infusion per-
iod from baseline to plateau. Only the period from baseline to
plateau is used to avoid confounding by resetting of the
baroreflex. Arterial blood pressure and HR responses to the
drugs were fitted to sigmoidal curves as follows: HR 5 HRmin 1

((HRmax 2 HRmin)/(1 1 10(Mid-point-MAP) 3 Gain coefficient).
The value for gain represents the gain coefficient of the Hill
slope that describes the steepness of the curve. The second step
was to calculate the baroreflex sensitivity according to McDowall
and Dampney30 applying the values for gain, maximum and
minimum HR to the following equation: Baroreflex Gain 5

((HRmax 2 HRmin) 3 Gain coefficient)/4. This was done for
each individual animal and thereafter the mean 6 S.E.M. of the
baroreflex gain for each group was calculated.

All data are expressed as mean 6 S.E.M. Comparisons between
groups were assessed statistically using two-way ANOVA with
the Student–Newman–Keuls post-hoc test, with altitude and sex
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as factors (Prism 5, GraphPad Software, Inc.). For all compar-
isons, statistical significance was accepted when P , 0.05.

Results

Arterial blood gas status

There were no differences in basal arterial pH and pCO2 between
groups. However, HA chickens had lower arterial pO2, SaO2 and
increased Ht compared with SL chickens (Fig. 1). There was no
effect of sex on arterial blood gas status either at SL or at HA.
Therefore, these data were grouped at each altitude (Fig. 1).

In vivo basal cardiovascular function

Values for SAP, DAP and MAP during basal conditions were
significantly lower in HA compared with SL chickens, and
these differences were independent of the sex of the animal

(Fig. 2a–2c). In contrast, basal HR was significantly higher
and basal PI significantly lower in female than in male
chickens at SL. Although basal HR and PI were significantly
altered in HA males compared with SL males, there was
no effect of altitude on basal HR or PI in female chickens
(Fig. 2d and 2e). The RPP, an index of myocardial workload
and oxygen consumption,31 was significantly elevated during
basal conditions in female chickens compared with male
chickens at SL. Although HA had no effect of RPP in males,
values for RPP in HA females were significantly lower com-
pared with SL females (Fig. 2f).

In vivo baroreflex function

Independent of sex and altitude, all animals responded with
reciprocal changes in HR to increases and decreases in arterial

Fig. 1. Arterial blood gas status in sea level (SL) and high altitude
(HA) adult chickens. Values are the mean 6 S.E.M. for pH (a), pO2 (b),
pCO2 (c), O2 haemoglobin saturation (d, SaO2) and haematocrit
(e, Ht) in nine males and nine female chickens incubated, hatched
and raised at SL (&) and in seven male and seven female chickens
incubated, hatched and raised at HA (’). There was no effect of sex
on arterial blood gas status either at SL or at HA. Therefore, these data
were grouped at each altitude. Significant differences (P , 0.05) are: *SL
v. HA (Two-way ANOVA1 Student–Newman–Keuls post-hoc test).

Fig. 2. Basal cardiovascular function in sea level (SL) and high
altitude (HA) adult chickens. Values are the mean 6 S.E.M. for
systolic arterial pressure (a, SAP), diastolic arterial pressure
(b, DAP), mean arterial pressure (c, MAP), heart rate (d, HR),
pulse interval (e, PI) and the rate-pressure product (f, RPP) in
nine males and nine female chickens incubated, hatched and
raised at SL (white solid and white hatched bars) and in seven
male and seven female chickens incubated, hatched and raised
at HA (black solid and black hatched bars). Significant differences
(P , 0.05) are: ymale v. female, same altitude (hypoxia
independent of sex) or *SL v. HA, for same sex (sex independent
of hypoxia). There was no interaction between hypoxia and sex
(Two-way ANOVA 1 Student–Newman–Keuls post-hoc test).
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blood pressure induced by the administration of phenylephrine
and sodium nitroprusside, respectively. Although values repre-
senting the cardiac baroreflex gain were significantly depressed in
HA males compared with SL males, baroreflex gain was mark-
edly increased in HA females compared with SL females (Fig. 3).

Biometry

Body weight was significantly lower in females than in males
either at SL or HA. Body length [crown–rump length (CRL)]
and other longitudinal measurements also tended to be
shorter in females than in males at either SL or HA; however,
only tibial and meta-tarsal length reached significant differ-
ences in SL animals (Table 1). Values for ponderal index were
higher in male and female chickens at HA; however, the mean

calculation was not significantly different from SL. The head
length:CRL ratio was significantly elevated in HA compared
with SL male but not female chickens (Table 1). The same
trend was observed for the head diameter:body weight ratio,
but the difference in males did not reach significance.

Discussion

By combining the chick embryo model with incubation at
HA, we have previously isolated the effects of developmental
hypoxia on fetal growth and on fetal cardiac and aortic wall
remodelling.27,28 Here, we isolate the effects of developmental
hypoxia on cardiovascular function at adulthood measured in
conscious chickens in vivo, and show that development at HA
lowers basal arterial blood pressure and alters baroreflex
sensitivity in a sex-dependent manner at adulthood.

Several experimental models of adverse intrauterine con-
ditions, including maternal protein deprivation,32–38 mater-
nal overnutrition39–43 and excess glucocorticoid exposure44–47

have been reported to programme an increase in basal arterial
blood pressure at adulthood. By contrast, there is little
information on the effects of developmental hypoxia on the
regulation of arterial blood pressure at adulthood, measured
in vivo, particularly in the absence of anaesthesia. This is
surprising as fetal hypoxia is the most common challenge
in complicated pregnancy, such as during preeclampsia48 and
placental insufficiency.49 The present study shows that
developmental hypoxia is associated with a fall, rather than an
increase, in mean, systolic and diastolic basal arterial blood
pressure in adult conscious chickens and that this effect is
independent of the sex of the animal. Given that hypotension
occurred in the absence of bradycardia during basal condi-
tions, an effect on lowering peripheral vascular resistance of
development at HA is favoured. A lack of a programmed
hypertensive effect in adult chickens of isobaric hypoxia in ovo
has also been reported by Ruijtenbeek et al.50 Similar findings
have been reported in chick51 and alligator52 embryos incubated
under chronic isobaric hypoxia, yielding basal hypotension
without basal bradycardia, even before hatching. Coney and
Marshall53 reported that adult rats of chronically hypoxic
pregnancies had significantly elevated resting femoral blood flow
compared with adult rats of normoxic pregnancies, supporting a
programmed fall in peripheral vascular resistance contributing to
the programmed hypotensive effects of developmental hypoxia.
Further, Herrera et al.54 reported that HA chronic hypoxia
during gestation yielded newborn lambs with significantly lower
systemic vascular resistance than lowland newborn lambs,
although basal systemic arterial blood pressure was not different.
The mechanism via which developmental hypoxia may promote
a fall in peripheral vascular resistance and a fall in resting blood
pressure at adulthood is unclear. However, there is an established
relationship between increased plasma Ht, blood viscosity and
shear stress-induced increases in nitric oxide (NO) bioavail-
ability.55 Interestingly, moderate elevations in blood viscosity by
increasing Ht by 10% from baseline could produce reductions

Fig. 3. Baroreflex function in sea level (SL) and high altitude
(HA) adult chickens. Values are the mean 6 S.E.M. for cardiac
baroreflex function curves (a) and the gain of the cardiac
baroreflex (b) in nine males and nine female chickens incubated,
hatched and raised at SL and in seven male and seven female
chickens incubated, hatched and raised at HA. Groups are sea
level males (white circles, white bars), HA males (black circles,
black bars), SL females (white squares, white hatched bars)
and HA females (black squares, black hatched bars) chickens.
Significant differences (P , 0.05) are: ymale v. female, same
altitude (hypoxia independent of sex) or *SL v. HA, for same sex
(sex independent of hypoxia). There was no interaction between
hypoxia and sex (Two-way ANOVA 1 Student–Newman–Keuls
post-hoc test). The calculation of the baroreflex gain required two
steps. The first step was the calculation of the slope of the heart
rate (HR)–blood pressure relationship and the maximum and
minimum values for HR for each animal. This was achieved by
plotting the minute-by-minute HR and blood pressure responses
during the beginning of the infusion period from baseline to
plateau. Only the period from baseline to plateau is used to avoid
confounding by resetting of the baroreflex. Arterial blood pressure
and HR responses to the drugs were fitted to sigmoidal curves
as follows: HR 5 HRmin 1 ((HRmax 2 HRmin)/(1 1 10(Mid-point-MAP)

3 Gain coefficient). The value for gain represents the gain coefficient
of the Hill slope that describes the steepness of the curve. The second
step was to calculate the baroreflex sensitivity according to McDowall
and Dampney30 applying the values for gain, maximum and
minimum HR to the following equation: Baroreflex
Gain 5 ((HRmax 2 HRmin) 3 Gain coefficient)/4,
The three points with S.E.M. on the curve represent the
summary measures of the analysis: the gain and maximum
and minimum HR values.
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in basal blood pressure by 10 mmHg, an effect that could
be abolished by treatment with the NO synthase blocker
L-N omega-nitro-L-arginine methyl ester (L-NAME) or in
NO synthase-deficient mice.56 In the present study, chickens
at HA had significantly lower arterial PO2 and haemoglobin
oxygen saturation and a persistent increase in Ht of ca. 8%.

Investigation of the effects of adverse intrauterine condi-
tions on baroreflex function in the offspring is scarce relative
to reported programmed changes in basal arterial blood
pressure. Within the few studies available, it is known that
maternal undernutrition can increase the set point and blunt
baroreflex responses in the adult offspring57–59 and that
embryonic and fetal exposure to excess glucocorticoids
can increase the set point and decrease the sensitivity of the
baroreflex in fetal, newborn and adult life.44,46,60–62 By
contrast, as with effects on basal arterial blood pressure, there
is less information on the effects of developmental hypoxia on
baroreflex function. One study has reported that chronic
hypoxic pregnancy decreases baroreflex sensitivity in the late-
gestation ovine fetus63 and Peyronnet et al.64 predicted but
did not measure alterations in baroreflex function in rat adult
offspring of chronically hypoxic pregnancies.

Gilbert and Nijland,65 in an elegant and useful review,
brought to attention the growing body of evidence reporting
sex differences in the developmental programming of altera-
tions in arterial blood pressure and its regulation. Again, most
of this evidence comes from studies involving alterations in
maternal nutrition2,62,66 or from models of maternal stress
and glucocorticoid excess62,67 than from models of prenatal
hypoxia. The weight of the evidence has generally, but not
exclusively, suggested that female offspring are less sensitive in
manifestation of cardiovascular disease caused by prenatal

stimuli.65 Accordingly, Davidge and colleagues have reported
that peripheral vascular function and cardiac hypertrophy is
more profoundly affected in male than in female rat offspring
of hypoxic pregnancies, particularly as they age.68–70 Simi-
larly, prenatal hypoxia caused an increase in heart suscept-
ibility to ischaemia reperfusion injury in male but not in
female adult rat offspring.71 To our knowledge, only one
study has reported sexually dimorphic effects in programming
changes in baroreflex function induced by maternal mal-
nutrition or fetal glucocorticoid exposure.62 Certainly, there
have been no reports on sex-dependent programming of
baroreflex dysfunction by developmental hypoxia. In the
present study, we show that while the effects of develop-
mental hypoxia on resting arterial blood pressure at adult-
hood were sex independent, development at HA had
reciprocal effects on the gain of the baroreflex in adult male
and female chickens. Baroreflex gain was decreased in adult
males, but it was increased in adult females at HA relative to
SL controls. A decrease in baroreflex gain may render the
male less able to respond to alterations in blood pressure
homoeostasis. Further, the rate-pressure product, an index of
myocardial workload and oxygen consumption,31 although
unchanged in males by altitude, was decreased in highland
relative to lowland females. Finally, the head:CRL ratio, an
index of blood flow redistribution, although unchanged in
females by altitude, was increased in highland relative to
lowland males. Collectively, therefore, the present data also
suggest a greater resilience of the female offspring to devel-
opment under conditions of HA hypoxia, again adding to the
increasing body of evidence showing greater susceptibility to
programmed cardiovascular dysfunction in male than female
offspring. It is important to acknowledge that there are

Table 1. Body weight and dimensions in SL and HA adult chickens

Males Females

SL HA SL HA

Body (g) 2012 6 159 1945 6 341 1521 6 76- 1614 6 99
CRL (mm) 485 6 15 436 6 30 424 6 14 393 6 13
Femur (mm) 135 6 4 138 6 11 129 6 5 123 6 4
Tibia (mm) 166 6 5 152 6 6 141 6 5- 131 6 8
Meta-tarsal (mm) 124 6 4 113 6 7 98 6 4- 100 6 5
HD (mm) 33.1 6 1.2 31.1 6 0.9 30.1 6 0.7 28.8 6 1.1
HL (mm) 75 6 1 78 6 2 74 6 1 75 6 2
Beak (mm) 34.0 6 2.8 37.5 6 1.0 35.7 6 1.1 35.4 6 0.7
Ponderal index (kg/m3) 19.01 6 1.30 24.47 6 4.76 22.30 6 1.85 27.27 6 2.43
HL:CRL 0.155 6 0.005 0.183 6 0.010* 0.176 6 0.006 0.192 6 0.009
HD:BW 0.016 6 0.001 0.018 6 0.002 0.018 6 0.001 0.018 6 0.001

SL, sea level; HA, high altitude; CRL, crown–rump length; HD, head diameter; HL, head length; BW, body weight.
Values are mean 6 S.E.M. for BW, CRL, femur, tibia and meta-tarsal lengths, HD, HL, beak length, ponderal index, the

ratio of HL:CRL and of HD:BW in nine males and nine female chickens incubated, hatched and raised at SL and in seven
male and seven female chickens incubated, hatched and raised at HA. Significant differences (P , 0.05) are: -male v.
female, same altitude or *SL v. HA (Two-way ANOVA 1 Student–Newman–Keuls post-hoc test).
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important differences in sexual differentiation in avian and
mammalian species. For instance, in the chicken, males rather
than females are homogametic and sex determination is cell
autonomous. Therefore, translation of the sexually dimorphic
results between species should be considered cautiously.

It has been suggested that it is the mismatch between the
pre- and postnatal environment that renders the offspring
susceptible to developing disease at adulthood.72 In the pre-
sent study, the environmental condition of hypoxia occurs
in ovo and persists after hatching. In this context, it is of
interest that significant alterations in blood pressure homo-
eostasis were evident in male and female adult chickens despite
matching of the incubation and post-hatching environments.
Cardiovascular dysfunction may therefore have developed in
response to a double insult; one occurring before and one after
hatching. The partial contributions of incubation v. post-
hatching HA hypoxia in triggering cardiovascular dysfunction
at adulthood await investigation by study of adult offspring
raised at SL following HA incubation, and by study of adult
offspring raised at HA following SL incubation. However,
evidence of similar alterations in blood pressure homoeostasis
than those reported here at adulthood in the chronically
hypoxic chick embryo even before hatching51 supports a pri-
mary effect triggered during the incubation period rather than
after hatching.

In conclusion, by combining the chick embryo model with
incubation at HA, we have isolated the effects of developmental
hypoxia on cardiovascular function at adulthood measured in
conscious chickens in vivo, and show that development at HA
promotes blood pressure dysregulation, altering baroreflex
sensitivity in a sex-dependent manner at adulthood.
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