
Fetal cardiovascular responses to alterations in intrauterine

conditions, such as hypoxaemia, have been demonstrated

since the 1940s by the pioneering work of Barcroft and

Barron (Barcroft, 1946). Since then, it has become well

established that the fetal cardiovascular responses to

episodes of acute hypoxaemia are primarily: (1) transient

bradycardia, (2) gradual hypertension and (3) peripheral

vasoconstriction (for review see Giussani et al. 1994b).

These responses serve to reduce oxygen consumption by

the myocardium and to redistribute blood flow away from

the periphery towards hypoxia-sensitive organs, such as

the adrenals, the heart and the brain (Rudolph et al. 1981).

The mechanisms mediating the fetal cardiovascular

responses to acute hypoxaemia involve neural, endocrine

and local components (Giussani et al. 1994b; Green, 2001).

At the onset of acute hypoxaemia the fetal bradycardia and

peripheral vasoconstriction are triggered by a carotid

chemoreflex (Giussani et al. 1993; Bartelds et al. 1993).

Circulatory redistribution is maintained by a combination

of local vasodilator effects of hypoxia on the fetal adrenals

(Breslow et al. 1993), brain (Green et al. 1996) and heart

(Reller et al. 1995) and vasoconstrictor effects of hormones,

such as catecholamines (Jones et al. 1988), vasopressin (Perez

et al. 1989), cortisol (Gardner et al. 2001b), angiotensin II
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Although it is established that the fetus can successfully withstand a single, acute hypoxaemic

challenge during gestation, little is known about what effects prevailing adverse intrauterine

conditions might have on the fetal response to acute hypoxaemia. The aims of this study were

therefore: (1) to characterise the effects of prevailing and sustained hypoxaemia, acidaemia or

hypoglycaemia on the fetal cardiovascular responses to an episode of acute hypoxaemia; and (2) to

determine the effects of these adverse intrauterine conditions on mechanisms mediating these

cardiovascular responses. Thirty-three Welsh Mountain sheep fetuses were chronically

instrumented (1–2 % halothane) between 117 and 125 days of gestation (term is ca 145 days) with

amniotic and vascular catheters and with a transit-time flow probe around a femoral artery. The

animals were divided retrospectively into four groups based upon post-surgical, sustained, basal

blood oxygen (chronically hypoxaemic; Pa,O2, 17.3 ± 0.5 mmHg; n = 8), glucose (chronically

hypoglycaemic; blood glucose, 0.49 ± 0.03 mmol l_1; n = 6) and acid–base (chronically acidaemic;

pHa, 7.25 ± 0.01; n = 5) status. Values for compromised fetuses were _2 .. from a group of control

(n = 14) fetuses. At 130 ± 4 days, a 1 h episode of acute, isocapnic hypoxaemia (9 % O2 in N2, to

reduce carotid Pa,O2
to 12 ± 1 mmHg) was induced in all fetuses by reducing the maternal inspired

O2 fraction (FI,O2
). Fetal cardiovascular variables were recorded at 1 s intervals throughout the

experimental protocol and arterial blood samples taken at appropriate intervals for biophysical

(blood gases, glucose, lactate) and endocrine (catecholamines, vasopressin, cortisol, ACTH)

measures. During acute hypoxaemia all fetuses elicited hypertension, bradycardia and femoral

vasoconstriction. However, prevailing fetal compromise altered the cardiovascular and endocrine

responses to a further episode of acute hypoxaemia, including: (1) enhanced pressor and femoral

vasoconstriction; (2) greater increments in plasma noradrenaline and vasopressin during hypoxaemia;

and (3) basal upward resetting of hypothalamic–pituitary–adrenal axis function. Only chronically

hypoxaemic fetuses had significantly elevated basal concentrations of noradrenaline and enhanced

chemoreflex function during acute hypoxaemia. These data show that prevailing adverse

intrauterine conditions alter the capacity of the fetus to respond to a subsequent episode of acute

hypoxaemia; however, the partial contributions of hypoxaemia, acidaemia or hypoglycaemia to

mediating these responses can vary.
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(Green et al. 1998) and neuropeptide Y (Fletcher et al.
2000) on the peripheral circulation. The fetal metabolic

response to acute hypoxaemia results in increased blood

glucose and lactate concentrations (Jones, 1977).

Although it is established that the fetus can successfully

withstand a single, acute hypoxaemic challenge during

gestation, little is known about the effects prevailing adverse

intrauterine conditions might have on these adaptive

mechanisms. This is important since clinical evidence

suggests that prolonged hypoxaemia in utero accompanies

fetal growth retardation (Nicolaides et al. 1989) and that

antenatal hypoxaemia may predispose the fetus to birth

asphyxia with subsequent neurodevelopmental handicap

(Creasy & Resnik, 1981; Blanco et al. 1984; Mann, 1986;

Dijxhoorn et al. 1987; Hill, 1991). However, chronic

hypoxaemia in the fetus rarely occurs in isolation and, in

complicated pregnancies, is most often accompanied by

concurrent acidaemia and/or hypoglycaemia (Nicolaides

et al. 1989). The cardiovascular and metabolic effects each

of these adverse intrauterine conditions have on the

subsequent capacity of the fetus to respond to a further

acute episode of hypoxaemia are, however, currently

unknown.

Hence, the aims of this study were: (1) to characterise the

effects of prevailing hypoxaemia, acidaemia or hypo-

glycaemia on the fetal cardiovascular, endocrine and

metabolic responses to a superimposed episode of acute

hypoxaemia; and (2) to determine the effects of prevailing

adverse intrauterine conditions on neural and endocrine

mechanisms mediating these responses.

METHODS
Surgical preparation
Thirty-three Welsh Mountain ewes of known gestational age were
used in the study. All procedures were performed under the UK
Animals (Scientific Procedures) Act, 1986. All animals were fasted
for 24 h prior to surgery.

Surgery was performed under strict aseptic conditions between
117 and 125 days of gestation (dGA; term being ca 145 dGA) on
ewes carrying either singleton (15 ewes) or twin (18 ewes) fetuses.
For ewes carrying twin fetuses only one fetus was randomly
chosen and instrumented. Anaesthesia was induced with sodium
thiopentone (20 mg kg_1 .. Intraval Sodium; Rhone Mérieux,
Dublin, Ireland) and maintained with 1–2 % halothane in 50 : 50
O2/N2O. In brief, following midline abdominal and uterine
incisions, the fetal head was exteriorised for insertion of carotid
artery and jugular vein catheters (i.d., 0.86 mm; o.d., 1.52 mm;
Critchly Electrical Products, NSW, Australia) with the tips of the
catheters extended to the ascending aorta and superior vena cava,
respectively. The catheters were plugged with sterile brass pins and
the uterine incision closed in layers. The fetal hindlimbs were
subsequently exteriorised through a second uterine incision for
insertion of femoral artery (i.d., 0.86 mm; o.d., 1.52 mm) and
femoral vein (i.d., 0.56 mm; o.d., 0.96 mm) catheters, which were
extended into the descending aorta and inferior vena cava,
respectively. Another catheter was anchored onto the fetal hindlimb

for recording of the reference pressure in the amniotic cavity. A
transit-time flow transducer (Transonics, NY, USA) was placed
around the contralateral femoral artery for continuous
measurement of femoral blood flow, which has been shown to
provide a good continuous index of blood flow distribution to
peripheral circulations (Giussani et al. 1996). The second uterine
incision was closed in layers. A teflon catheter was placed in the
maternal femoral artery and extended to the descending aorta.
Antibiotics were administered to the fetus through the femoral
vein (300 mg ampicillin; Penbritin, SmithKline Beecham Animal
Health, Surrey, UK) and amniotic (300 mg ampicillin) catheters.
All catheters were filled with heparinised saline (80 i.u. ml_1

heparin in 0.9 % NaCl) and plugged with brass pins. Then,
together with the flow probe lead, the catheters were exteriorised
through an incision in the maternal flank and housed in a pouch
sutured to the maternal skin.

Post-operative care
Animals were housed in individual pens with access to hay and
water ad libitum. Concentrates were fed twice daily (100 g;
sheep nuts #6; H & C Beart Ltd, Kings Lynn, UK). All ewes
received antibiotics (0.20–0.25 mg kg_1 .. Depocillin; Mycofarm,
Cambridge, UK) and analgesia (10–20 mg kg_1 oral phenyl-
butazone; Equipalozone paste, Arnolds Veterinary Products Ltd,
Shropshire, UK) immediately after surgery and daily for 3 days.
Patency of fetal vascular catheters was maintained by a slow
continuous infusion of heparinised saline (25 i.u. ml_1 heparin
at 0.1 ml h_1 in 0.9 % NaCl) containing antibiotic (1 mg ml_1

benzylpenicillin; Crystapen, Schering-Plough, Animal Health
Division, Welwyn Garden City, UK). 

Experimental procedure
The fetuses were divided retrospectively over a 5 year period in
our laboratory into four experimental groups according to
consistent basal blood gas, acid–base and blood glucose status for
at least 6 days after surgery (Table 1). If basal carotid Pa,O2

was
consistently ≤ 18 mmHg, the fetuses were designated as being
chronically hypoxaemic. If basal arterial pH and acid–base excess
(ABE) were consistently ≤ 7.29 and/or ≤ _2.5 mequiv l_1,
respectively, the fetuses were designated as being chronically
acidaemic. If basal arterial blood glucose concentration was
consistently ≤ 0.60 mmol l_1, then the fetuses were designated as
being chronically hypoglycaemic. The criteria for division of the
fetuses into these groups were determined as one variable only
being consistently _2 .. below the normal range in arterial Pa,O2

(mean ± ..., 23.2 ± 0.5 mmHg; range, 18_28 mmHg), pH
(7.34 ± 0.01; range, 7.29_7.38), ABE (1.3 ± 0.4 mequiv l_1; range,
_2.5 to 5 mequiv l_1) or glucose (0.82 ± 0.02 mmol l_1; range,
0.60–1.04 mmol l_1) of a large population of fetuses in our
laboratory. Using this classification, eight of the 33 fetuses were
determined as being chronically hypoxaemic (HYPOX), five as
being chronically acidaemic (AC) and six as being chronically
hypoglycaemic (HG). The remaining fetuses were used as controls
(n = 14), which were selected to be contemporaneous with the
compromised fetuses to match for gestational age, degree of
instrumentation and, where possible, number of fetuses, from a
much larger cohort (n = 63) of normal animals studied over the
same 5 year period. No fetus in any compromised group
demonstrated more than one adverse intrauterine condition
simultaneously.

All fetuses were subjected to one episode of acute hypoxaemia (at
130 ± 3 days, mean ± .., for control and AC fetuses; at
129 ± 4 days for HYPOX fetuses; and at 131 ± 4 days for HG
fetuses). The protocol for acute fetal hypoxaemia involved a 3 h
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experiment consisting of 1 h of normoxia, 1 h of hypoxaemia and
1 h of recovery, as described previously (Gardner et al. 2001b).
Briefly, a large, transparent, polythene bag was placed over the
ewes’ head into which air was passed at a rate of ca 40 l min_1 for
the first 1 h. Following this control period, fetal hypoxaemia was
induced by changing the concentrations of gases breathed by the
ewe to 9 % O2 in N2 with 2–3 % CO2. This mixture was designed to
reduce fetal carotid Pa,O2

to ca 12 mmHg while maintaining  Pa,CO2
.

Following the 1 h period of hypoxaemia, the ewe was returned to
breathing air for the 1 h recovery period. At the end of the
experimental protocol, the ewes and fetuses were humanely killed
using a lethal dose of sodium pentobarbitone (200 mg kg_1 ..
Pentoject; Animal Ltd, York, UK) and the positions of the
implanted catheters and the flow probe were confirmed and fetal
weights measured.

Measurements and calculations
Maternal (descending aorta) and fetal (carotid and descending
aorta) arterial blood samples (0.4 ml) were drawn into sterile
syringes daily for measurement of arterial blood gases, percentage
saturation of O2 in haemoglobin, haemoglobin concentration and
acid–base status using an ABL5 blood gas analyser and OSM2
haemoximeter (Radiometer, Copenhagen, Denmark) and blood
glucose and lactate concentrations using an automated analyser
(Yellow Springs 2300 Stat Plus glucose/lactate analyser; YSI,
Farnborough, UK). During the acute hypoxaemia protocol,
additional fetal arterial blood samples (4 ml) were collected at 15
and 45 min of normoxia, at 15 and 45 min of hypoxaemia and at
45 min of recovery for measurement of blood gases, acid–base
status and glucose and lactate concentrations, and determination
of plasma hormone concentrations. Measurements in maternal
and fetal blood were corrected to 38 and 39.5 °C, respectively. 

Fetal arterial blood oxygen content (Ca,O2
; in mmol l_1) and

oxygen delivery (O2,del; in mmol min_1) to the hindlimb were
calculated using eqns (1) and (2), respectively:

[Hb] w SatHb
Ca,O2

= ≤———————≥ w 0.62, (1)
100

O2,del = Ca,O2
w femoral blood flow, (2)

where [Hb] (g dl_1) is the blood concentration of haemoglobin,
SatHb is the percentage oxygen saturation of haemoglobin,
femoral blood flow is measured in ml min_1, and where one
molecule of Hb (MW 64 450) binds four molecules of oxygen.
The contribution of oxygen dissolved in plasma is regarded as
negligible (Owens et al. 1987).

Hormone analyses 
Blood samples for hormone analyses were either collected into
K+/EDTA-treated tubes (1.5 ml; ACTH, cortisol and vasopressin)
or chilled EGTA- (5.0 mmol ml_1 blood) and glutathione
(40 mmol ml_1 blood)-treated tubes (1 ml; catecholamines) and
centrifuged immediately at 4000 r.p.m. for 4 min at 4 °C. Plasma
samples were stored at _70 °C until analyses. All hormone
analyses were completed within 2 months of plasma collection.

ACTH. Maternal and fetal plasma ACTH concentrations were
measured using a commercially available double-antibody 125I
radioimmunoassay (RIA) kit (Incstar Ltd, Wokingham, UK), as
described previously (Gardner et al. 2001b). The lower limit of
detection for the assay was between 10 and 25 pg ml_1 and the
assay had < 0.01 % cross-reactivities for a-melanocyte-stimulating
hormone, b-endorphin, b-lipotrophin, leucine enkephalin, meth-
ionine enkephalin, bombesin, calcitonin, parathyroid hormone,

follicle-stimulating hormone, arginine vasopressin, oxytocin and
substance P. The intra- and inter-assay coefficients of variation
were 4 % and < 10 %, respectively.

Cortisol. Maternal and fetal plasma cortisol concentrations were
measured by RIA validated for use in ovine plasma, as described
previously (Fowden et al. 1993). The lower limit of detection for
the assay was 1.0–1.5 ng ml_1 and cross-reactivity of the anti-
serum at 50 % binding with other cortisol-related compounds
was 0.5 % for cortisone, 2.3 % for corticosterone, 0.3 % for
progesterone and 4.6 % for deoxycortisol. The intra- and inter-
assay coefficients of variation were 5 % and 8 %, respectively.

Catecholamines. The plasma catecholamines, adrenaline and
noradrenaline, were analysed by high performance liquid
chromatography (HPLC) using electrochemical detection (Fowden
et al. 1998). The samples were prepared by absorption of 250 ml of
plasma onto acid-washed alumina and 20 ml aliquots of the 100 ml
perchloric acid elutes were injected onto the column. Dihydroxy
benzylamine was added as the internal standard to each plasma
sample before absorption. The limit of sensitivity for the assay was
20 pg ml_1 for adrenaline and noradrenaline. The inter-assay
coefficients of variation for adrenaline and noradrenaline were
< 10 %.

Vasopressin. Plasma vasopressin concentrations were measured
using a commercially available double-antibody RIA kit (Nichols
Institute Diagnostics Ltd, Saffron Walden, Essex, UK) following
separation from plasma proteins by methanol extraction and
chromatography, as described previously (Gardner et al. 2001a).
The lower detection limit of the assay was 0.75 pg ml_1. The inter-
assay coefficients of variation for two plasma samples (2.71 and
5.55 pg ml_1) were 4.1 and 9.8 %, respectively (Giussani et al.
1994a).

Data collection and analyses
Fetal arterial blood pressure was corrected for amniotic pressure.
Fetal femoral blood flow was measured with a T201 or T206 flow
meter (Transonic Inc., NY, USA). Fetal heart rate was triggered
from the flow pulse. Femoral vascular resistance was calculated
according to Ohm’s principle by dividing arterial blood pressure
(corrected for amniotic pressure) by femoral blood flow (Giussani
et al. 1993). Functional chemoreflex curves were constructed by
plotting the fall in fetal arterial PO2

against the nadir in fetal heart
rate or the maximal increase in fetal femoral vascular resistance
(FVR) within the first 15 min of hypoxaemia. All analog signals
for calibrated fetal cardiovascular data were recorded continuously
throughout the study using a data acquisition system. All signals
were digitised, displayed and subsequently stored at 1 s intervals
on disk by custom software (NI-DAQ, National Instruments,
Austin, Texas) running on a PC. Files were subsequently analysed
using Microsoft Excel spreadsheets. 

Statistical analyses
Values for all variables are expressed as means ± ... unless
otherwise stated. Cardiovascular variables during the acute
hypoxaemia protocol are expressed as minute averages. For these
data, areas under the curve were constructed by changes from
mean baseline and these were analysed by the summary measures
method to focus the number of comparisons, as previously
described in detail (Matthews et al. 1990; Giussani et al. 2001). In
brief the 1 h period of hypoxaemia was divided into pre-
determined intervals known to best describe the salient features of
the fetal cardiovascular responses to this challenge: first 15 min
(early hypoxaemia) and remaining 45 min (late hypoxaemia).
Cardiovascular and all other measured variables were tested for
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normality of distribution and assessed for statistical significance
using two-way ANOVA with repeated measures for the effect of
time (baseline (1 h of normoxia) vs. early (first 15 min) or late
(last 45 min) hypoxaemia or recovery) and group (control vs.
HYPOX/AC/HG) and interactions between time and group,
followed by the post hoc Tukey test or Student’s t test for unpaired
data (Sigma-Stat; SPSS Inc, Chicago, USA). A comparison
between the slopes and intercepts of linear regression curves was
conducted according to Armitage & Berry (1994). Multiple linear
regression analyses were used to determine which independent
variable best predicted the dependent variable. Where two or
more independent variables were found to predict a dependent
variable and co-linearity was present, partial correlation analysis
was used to determine the relative contribution of each according
to Snedecor (1946). For all comparisons statistical significance
was accepted when P < 0.05. 

RESULTS
Demography of the fetal groups
Fetal body weights were similar in all groups and averaged

2.54 ± 0.5 kg at post mortem (133 ± 3 dGA, mean ± ..).

The control group comprised nine singleton (5 male, 4

female) and five twin (3 male, 2 female) fetuses. The

HYPOX group comprised four singleton (2 male, 2

female) and four twin (3 male, 1 female) fetuses. The AC

group comprised one singleton (1 female) and four twin

(1 male, 3 female) fetuses. The HG group comprised one

singleton (1 male) and five twin (3 male, 2 female) fetuses.

Maternal data
Values for basal arterial PO2

, arterial haemoglobin concen-

tration ([Hb]), saturation of haemoglobin (SatHb), pHa,

acid–base excess (ABE), blood glucose and lactate

concentrations were similar in all groups of ewes and were

appropriate for Welsh Mountain ewes at this stage of

gestation (combined group average for arterial PO2,

100 ± 4 mmHg; [Hb], 8 ± 2 g dl_1; SatHb, 94 ± 3 %; pH,

7.49 ± 0.01; ABE, 4.5 ± 1.5 mequiv l_1; blood glucose,

2.55 ± 0.30 mmol l_1; blood lactate, 0.34 ± 0.06 mmol l_1).

In addition, basal values for ACTH, cortisol and

vasopressin were similar in all groups of ewes (control:

37.7 ± 10.0 pg ml_1, 24.0 ± 6.5 ng ml_1 and 1.4 ± 0.3 pg

ml_1, respectively; HYPOX: 62.1 ±13.2 pg ml_1, 36.9 ±

15.0 ng ml_1 and 2.0 ± 0.9 pg ml_1; AC: 50.8 ± 12.5 pg ml_1,

D. S. Gardner and others354 J. Physiol. 540.1

Table 1. Fetal arterial blood gas, acid–base and blood glucose status after surgery

Day 1 Day  2 Day 3 Day 4 Day 5 Day 6

pHa

Control 7.36 ± 0.01 7.35 ± 0.01 7.35 ± 0.01 7.36 ± 0.0 7.36 ± 0.01 7.35 ± 0.01
Hypoxaemic 7.33 ± 0.01 7.34 ± 0.01 7.36 ± 0.01 7.35 ± 0.0 7.36 ± 0.01 7.37 ± 0.01
Acidaemic 7.37 ± 0.01 7.33 ± 0.01* 7.33 ± 0.01* 7.31 ± 0.02 *† 7.31 ± 0.02 *†‡ 7.28 ± 0.02 *†‡
Hypoglycaemic 7.36 ± 0.01 7.35 ± 0.01 7.33 ± 0.01 7.35 ± 0.01 7.34 ± 0.01 7.33 ± 0.01

Pa,CO2
(mmHg)

Control 49.1 ± 1.1 50.0 ± 1.5 48.5 ± 1.3 48.5 ± 1.4 49.4 ± 1.1 52.0 ± 1.0 *
Hypoxaemic 52.5 ± 1.5 53.3 ± 1.1 52.1 ± 1.3 52.0 ± 1.3 53.0 ± 1.7 50.0 ± 1.3
Acidaemic 50.6 ± 1.4 51.0 ± 0.8 52.0 ± 1.5 51.0 ± 1.8 53.2 ± 1.4 50.8 ± 1.9
Hypoglycaemic 48.8 ± 1.0 50.6 ± 0.9 50.8 ± 0.6 50.5 ± 0.6 51.8 ± 0.9 49.6 ± 1.5

Pa,O2
(mmHg) 

Control 26.2 ± 1.2 28.5 ± 2.4 26.5 ± 0.8 26.6 ± 1.6 25.5 ± 0.9 23.4 ± 1.1
Hypoxaemic 18.3 ± 1.8 ‡ 18.0 ± 1.4 ‡ 18.6 ± 1.5 ‡ 18.8 ± 1.5‡ 17.0 ± 1.2 ‡ 17.3 ± 1.2 ‡
Acidaemic 21.6 ± 0.6 22.0 ± 0.8 22.8 ± 1.3 22.4 ± 2.0 23.0 ± 1.0 25.4 ± 2.0
Hypoglycaemic 24.0 ± 1.8 23.5 ± 2.1 24.0 ± 1.5 23.1 ± 1.3 22.5 ± 1.0 23.1 ± 1.2

ABE (mequiv l_1)
Control 2.0 ± 0.7 2.0 ± 0.9 0.6 ± 0.7 2.0 ± 0.7 2.2 ± 0.7 2.5 ± 0.7
Hypoxaemic 1.0 ± 1.2 2.1 ± 0.7 2.5 ± 0.4 2.1 ± 0.3 2.3 ± 0.4 2.8 ± 0.6
Acidaemic 2.4 ± 0.7 0.2 ± 0.8 0.4 ± 1.0 0.6 ± 0.6 * _0.8 ± 1.2 * _3.2 ± 1.7 *‡
Hypoglycaemic 1.5 ± 1.2 1.6 ± 0.8 0.5 ± 1.0 1.0 ± 1.2 _0.2 ± 0.9 _0.6 ± 1.4

Blood [glucose] (mmol l_1)
Control 0.79 ± 0.11 0.68 ± 0.06 0.71 ± 0.07 0.78 ± 0.07 0.75 ± 0.07 0.71 ± 0.05
Hypoxaemic 0.78 ± 0.11 0.73 ± 0.12 0.65 ± 0.08 0.78 ± 0.23 0.89 ± 0.20 0.93 ± 0.16
Acidaemic 0.79 ± 0.11 0.67 ± 0.12 0.64 ± 0.06 0.65 ± 0.08 0.64 ± 0.09 0.69 ± 0.16
Hypoglycaemic 0.50 ± 0.05 ‡ 0.48 ± 0.04 ‡ 0.49 ± 0.02‡ 0.47 ± 0.02 ‡ 0.51 ± 0.07 ‡ 0.46 ± 0.04 ‡

Fetal carotid arterial blood gas, acid–base and blood glucose status for 6 days post-surgery in control and
chronically hypoxaemic (HYPOX), chronically acidaemic (AC) and chronically hypoglycaemic (HG)
fetuses. Daily fetal blood samples were collected for measurement of blood gases between 08.30 and 10.00 h.
Values are means ± ... for control (n = 14), HYPOX (n = 8), AC (n = 5) and HG (n = 6) fetuses.
Statistical differences are: *P < 0.05, days 2–6 vs. day 1; †P < 0.05, control vs. compromised (HYPOX or AC
or HG) fetuses; ‡ P < 0.05, compromised vs. all other groups. Fetal blood gas values were corrected to 39.5 °C.
pHa, arterial pH; Pa,CO2

, arterial partial pressure of CO2; Pa,O2
, arterial partial pressure of O2, ABE, acid–base

excess; blood [glucose], arterial blood glucose concentration.



29.6 ± 12.2 ng ml_1 and 2.2 ±1.0 pg ml_1; HG: 40.1 ±

13.3 pg ml_1, 31.8 ± 9.2 ng ml_1 and 2.2 ± 1.0 pg ml_1).

Maternal plasma concentrations of catecholamines were

not measured in this study.

During acute hypoxaemia, maternal Pa,O2
and SatHb were

reduced to a similar extent in control (to 41.0 ± 2.1 mmHg

and 62.5 ± 3.9 %), HYPOX (to 42.7 ±3.5 mmHg and

68.5 ± 2.5 %), AC (to 38.2 ± 2.7 mmHg and 58.8 ± 7.0 %)

and HG (to 36.2 ± 2.0 mmHg and 50.4 ± 5.6 %) fetuses

(all P < 0.05). All other maternal variables remained

unchanged from basal values.

Fetal blood gas and metabolic status
Post-surgery. Blood gas, acid–base and blood glucose

status on the first day after surgery were appropriate for

control fetuses at this gestational age from our laboratory

(Forhead et al. 1995; Fletcher et al. 2000; Gardner et al.
2001b) and remained unaltered between days 1 and 6

after surgery, with the exception of Pa,CO2
, which was

significantly elevated at day 6 relative to day 1 after surgery

(Table 1). In contrast, HYPOX and HG fetuses were either

hypoxaemic (significantly lower Pa,O2
) or hypoglycaemic

(significantly lower blood glucose), respectively, between

days 1 and 6 after surgery and remained so until the end of

the experimental protocol (P < 0.05 to all other groups;

Table 1 and Fig. 1). AC fetuses developed acidaemia at

2 days after surgery and remained acidaemic thereafter

until the end of the experimental protocol (Table 1).

Acute hypoxaemic protocol
During baseline. In HYPOX fetuses, values for basal

arterial PO2
and SatHb were significantly lower, and values

for basal arterial [Hb] were significantly greater, than

respective values in control fetuses (Tables 2 and 3).

Consequently, Ca,O2
was not significantly different between

control and HYPOX fetuses (Table 3). Basal acid–base

status and blood glucose and lactate concentrations were

also similar in control and HYPOX fetuses (Tables 2 and

3). In AC fetuses, values for basal arterial pH, ABE and
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Table 2. Fetal arterial blood gas and acid–base status during acute hypoxaemia

Baseline Acute hypoxaemia Recovery
———————————— —————————————— —————————————

N15 N45 H15 H45 R15 R45

pHa

Control 7.35 ± 0.01 7.34 ± 0.01 7.32 ± 0.01 7.27 ± 0.01 * 7.24 ± 0.02 * 7.29 ± 0.02 *
Hypoxaemic 7.36 ± 0.01 7.35 ± 0.01 7.31 ± 0.01 7.27 ± 0.01 * 7.23 ± 0.03 * 7.26 ± 0.02 *
Acidaemic 7.25 ± 0.01† 7.25 ± 0.01 † 7.20 ± 0.01 † 7.12 ± 0.06 *†‡ 7.09 ± 0.05 *†‡ 7.15 ± 0.05 *†
Hypoglycaemic 7.33 ± 0.01 7.33 ± 0.01 7.29 ± 0.02 7.20 ± 0.06* 7.17 ± 0.05 * 7.22 ± 0.05 *

Pa,CO2
(mmHg)

Control 53.2 ± 1.4 53.0 ± 1.8 52.8 ± 0.7 53.0 ± 1.3 48.6 ± 1.3 * 50.4 ± 1.6
Hypoxaemic 50.5 ± 1.5 52.8 ± 0.7 52.8 ± 1.4 50.8 ± 2.3 47.1 ± 3.6 51.3 ± 2.4
Acidaemic 52.8 ± 1.9 52.4 ± 1.6 53.8 ± 1.4 52.6 ± 2.7 50.2 ± 0.5 51.4 ± 0.4
Hypoglycaemic 50.2 ± 1.7 50.3 ± 1.4 48.5 ± 1.6 50.8 ± 2.7 49.6 ± 0.6 50.0 ± 1.0

Pa,O2
(mmHg) 

Control 22.9 ± 1.0 22.0 ± 1.0 12.0 ± 0.8 * 12.4 ± 0.7 * 24.5 ± 2.2 21.5 ± 1.6
Hypoxaemic 17.3 ± 0.5 † 16.3 ± 1.0 † 10.4 ± 0.2 * 12.0 ± 0.4 * 19.3 ± 1.9 †‡§ 18.1 ± 0.6
Acidaemic 22.8 ± 1.3 22.2 ± 0.9 12.2 ± 0.4 * 12.8 ± 0.7 * 26.4 ± 2.3 23.6 ± 1.8
Hypoglycaemic 23.8 ± 1.3 23.0 ± 1.0 11.6 ± 0.6 * 13.0 ± 0.8 * 24.8 ± 2.4 23.6 ± 1.3

SatHb (%)
Control 64.6 ± 3.0 62.7 ± 3.4 33.3 ± 2.8 * 30.1 ± 3.7 * 62.3 ± 3.9 58.2 ± 4.4
Hypoxaemic 53.8 ± 1.7 † 48.8 ± 3.8 † 30.9 ± 1.6 * 32.6 ± 1.8 * 50.4 ± 2.8 44.1 ± 2.2 †
Acidaemic 60.9 ± 3.9 61.1 ± 2.8 28.4 ± 3.4 * 28.8 ± 3.2 * 58.1 ± 5.2 54.8 ± 4.3
Hypoglycaemic 65.3 ± 4.0 65.4 ± 4.4 26.3 ± 4.1 * 26.2 ± 4.8 * 55.9 ± 5.9 56.5 ± 6.4

ABE (mequiv l_1)
Control 3.0 ± 0.5 2.2 ± 0.4 0.6 ± 0.6 _3.5 ± 1.1 * _6.6 ± 1.5 * _2.8 ± 1.4 *
Hypoxaemic 2.1 ± 0.3 2.1 ± 0.3 0.0 ± 0.7 _4.0 ± 1.4 * _6.5 ± 2.0 * _4.1 ± 2.2 *
Acidaemic _4.6 ± 1.4 † _4.8 ± 1.4 † _7.6 ± 1.1 †‡ _12.6 ± 3.0 *†‡ _14.8 ± 2.8 *†‡ _10.4 ± 2.3 *†
Hypoglycaemic _0.1 ± 1.5 _0.3 ± 1.2 _3.0 ± 1.5 † _ 8.6 ± 2.9 * _9.8 ± 3.1 * _6.6 ± 2.2 *

Fetal carotid arterial blood gas and acid–base status during acute hypoxaemia in control and chronically
hypoxaemic (HYPOX), chronically acidaemic (AC) and chronically hypoglycaemic (HG) fetuses. Fetal
blood samples were collected for measurement of blood gases at 15 (N15) and 45 min (N45) of normoxia
(baseline), at 15 (H15) and 45 min (H45) of hypoxaemia and at 15 (R15) and 45 min (R45) of recovery.
Values are means ± ... for control (n = 14), HYPOX (n = 8), AC (n = 5) and HG (n = 6) fetuses.
Statistical differences are: * P < 0.05, normoxia vs. hypoxaemia or recovery; † P < 0.05, control vs.
compromised (HYPOX or AC or HG) fetuses; ‡ P < 0.05, AC vs. HYPOX fetuses; § P < 0.05, HYPOX vs. HG
fetuses. Fetal blood gas values were corrected to 39.5 °C. SatHb, percentage oxygen saturation of
haemoglobin.



blood lactate concentration were significantly lower

relative to control fetuses (Tables 2 and 3). Values for all

other variables were similar in AC and control fetuses. In

HG fetuses, basal values for arterial pH, Pa,O2
, SatHb, ABE

and [Hb] were similar, but blood glucose and lactate

concentrations were significantly lower, relative to control

fetuses (Tables 2 and 3). 

During acute hypoxaemia. In all groups of fetuses,

induction of acute hypoxaemia reduced fetal Pa,O2
, SatHb

and Ca,O2
to a similar level, without any change in Pa,CO2

,

and led to similar increments in blood glucose (control,

0.43 ± 0.09 mmol l_1; HYPOX, 0.56 ± 0.09 mmol l_1; AC,

0.76 ± 0.12 mmol l_1; HG, 0.52 ± 0.14 mmol l_1) and lactate

(control, 3.74 ± 0.59 mmol l_1; HYPOX, 3.95 ± 0.95 mmol

l_1; AC, 5.02 ± 1.28 mmol l_1; HG, 5.56 ± 0.96 mmol l_1)

concentrations (Tables 2 and 3). Acute hypoxaemia led to

significant reductions in arterial pH and ABE in all groups

of fetuses; however, the magnitude of the decrements

were significantly greater in AC (pHa: _0.13 ± 0.05; ABE:

_7.9 ± 2.4 mequiv l_1) relative to control (pHa: _0.08 ± 0.01;

ABE: _6.1 ± 1.0 mequiv l_1) fetuses (Table 2). In addition,

an increase in arterial [Hb] occurred after 15 min of acute

hypoxaemia in all groups, with the exception of HYPOX

fetuses (Table 3). 

During recovery. After 45 min recovery from acute hypox-

aemia fetal arterial pH and ABE remained significantly

lower relative to baseline in all fetuses; however, the

decrements in both variables remained significantly greater

in AC (pHa: _0.16 ± 0.05; ABE: _10.1 ± 2.3 mequiv l_1)

relative to control (pHa: _0.10 ± 0.02; ABE: _8.6 ±

1.3 mequiv l_1) fetuses (Table 2). During recovery, fetal

arterial PO2
, SatHb and [Hb] returned towards basal levels

in all fetuses, although in HYPOX, arterial PO2
and [Hb]

remained significantly lower relative to control fetuses

(Tables 2 and 3). In control and AC fetuses, Ca,O2
returned

towards basal values, but remained lower throughout the

recovery period in HYPOX and HG fetuses (Table 3). 

Fetal cardiovascular variables
During baseline. Values for fetal arterial blood pressure

and heart rate during baseline were similar in all groups

(control, 49.0 ± 2.4 mmHg and 166 ± 3 beats min_1;

HYPOX, 48.9 ± 3.9 mmHg and 167 ± 7 beats min_1; AC,

43.9 ± 2.6 mmHg and 162 ± 8.9 beats min_1; HG, 50.6 ±

3.4 mmHg and 156 ± 5 beats min_1, blood pressure and

D. S. Gardner and others356 J. Physiol. 540.1

Table 3. Fetal metabolic status during hypoxaemia

Baseline Hypoxaemia Recovery
————————————— ————————————— —————————————

N15 N45 H15 H45 R15 R45

[Glucose] (mmol l_1) 
Control 0.75 ± 0.05 0.76 ± 0.03 0.90 ± 0.05 1.12 ± 0.09 * 0.97 ± 0.12 * 0.80 ± 0.04
Hypoxaemic 0.87 ± 0.17 0.86 ± 0.16 1.18 ± 0.24 * 1.43 ± 0.23 * 1.23 ± 0.24 * 1.11 ± 0.25
Acidaemic 0.66 ± 0.07 0.76 ± 0.08 1.20 ± 0.08 * 1.48 ± 0.12 * 1.39 ± 0.24 * 1.14 ± 0.15 *
Hypoglycaemic 0.49 ± 0.03 † 0.56 ± 0.07 † 0.77 ± 0.07 †‡ 1.05 ± 0.01 * 1.07 ± 0.27 * 0.81 ± 0.19 *

[Lactate] (mmol l_1) 
Control 0.95 ± 0.06 0.96 ± 0.07 1.71 ± 0.17 3.66 ± 0.51 * 4.70 ± 0.69 * 3.70 ± 0.73 *
Hypoxaemic 1.08 ± 0.10 1.17 ± 0.11 2.28 ± 0.21 4.27 ± 0.63 * 5.08 ± 0.90 * 4.41 ± 0.86 *
Acidaemic 0.63 ± 0.08 † 0.73 ± 0.11 † 2.53 ± 0.15 4.65 ± 0.65 * 5.71 ± 1.27 * 5.55 ± 1.41 *
Hypoglycaemic 0.72 ± 0.07 † 0.77 ± 0.10 2.21 ± 0.32 4.88 ± 0.61 * 6.31 ± 0.92 * 5.25 ± 1.04 *

[Hb] (g dl_1)  
Control 9.1 ± 0.9 8.7 ± 0.8 10.0 ± 0.7* 9.8 ± 0.8 * 8.5 ± 0.9 8.6 ± 0.6 
Hypoxaemic 11.2 ± 0.7 † 10.9 ± 0.6 † 11.7 ± 0.6 11.5 ± 0.6 9.0 ± 0.7 * 10.3 ± 0.7 †
Acidaemic 8.2 ± 0.4 8.1 ± 0.4 9.1 ± 0.3 * 9.2 ± 0.5 * 7.8 ± 0.4 8.1 ± 0.2
Hypoglycaemic 8.9 ± 0.7 8.7 ± 0.7 9.8 ± 0.6 * 9.3 ± 0.6 8.5 ± 0.5 8.8 ± 0.4

Ca,O2
(mmol l_1)  

Control 3.10 ± 0.28 3.16 ± 0.29 1.90 ± 0.23 * 1.71 ± 0.17 * 2.98 ± 0.24 2.70 ± 0.26 *
Hypoxaemic 3.72 ± 0.23 3.27 ± 0.21 2.26 ± 0.20 * 2.46 ± 0.20 * 3.07 ± 0.80 * 2.79 ± 0.17 *
Acidaemic 3.09 ± 0.19 3.07 ± 0.18 1.63 ± 0.23 * 1.66 ± 0.22 * 2.81 ± 0.30 2.78 ± 0.26
Hypoglycaemic 3.57 ± 0.33 3.34 ± 0.25 1.58 ± 0.24 * 1.67 ± 0.29 * 2.91 ± 0.34 * 3.05 ± 0.31 *

Fetal metabolic status during acute hypoxaemia in control and chronically hypoxaemic (HYPOX),
chronically acidaemic (AC) and chronically hypoglycaemic (HG) fetuses. Fetal blood samples were collected
for measurement of blood gases at 15 (N15) and 45 min (N45) of normoxia (baseline), at 15 (H15) and
45 min (H45) of hypoxaemia and at 15 (R15) and 45 min (R45) of recovery. Values are means ± ... for
control (n = 14), HYPOX (n = 8), AC (n = 5) and HG (n = 6) fetuses. Statistical differences are: * P < 0.05,
normoxia vs. hypoxaemia or recovery; † P < 0.05, control vs. compromised (HYPOX or AC or HG) fetuses;
‡ P < 0.05, HG vs. AC fetuses. Fetal blood gas values were corrected to 39.5 °C. [Glucose], arterial blood
glucose concentration; [Lactate], arterial blood lactate concentration; [Hb], arterial concentration of
haemoglobin; Ca,O2

, arterial oxygen content.



heart rate, respectively). However, values for femoral

blood flow and femoral O2,del, in both AC (27.1 ±

1.6 ml min_1 and 74 ± 9 mmol min_1, respectively) and

HG (29.5 ± 1.8 ml min_1 and 82 ± 10 mmol min_1) fetuses,

were significantly lower than respective values in control

(39.5 ± 2.3 ml min_1 and 116 ± 10 mmol min_1), but not

HYPOX (32.3 ± 3.6 ml min_1 and 104 ±12 mmol min_1)

fetuses. Despite lower basal values for femoral blood flow

in AC and HG fetuses, basal values for femoral vascular

resistance were similar in all groups (control, 1.39 ±

0.10 mmHg (ml min_1)_1; HYPOX, 1.59 ± 0.09 mmHg

(ml min_1)_1; AC, 1.71 ± 0.15 mmHg(ml min_1)_1; and

HG, 1.67 ± 0.06 mmHg (ml min_1)_1). 

During acute hypoxaemia. In all groups of fetuses

studied, acute hypoxaemia led to significant hypertension,

bradycardia and femoral vasoconstriction (Figs 1 and 2).

The pressor response to acute hypoxaemia was greater in

HYPOX relative to control fetuses (Fig. 1). The initial

reductions in heart rate at the onset of acute hypoxaemia

were to a similar level in all groups, although heart rate

returned towards baseline values in HYPOX fetuses during

hypoxaemia, yet remained depressed, albeit at a lower

level, throughout the challenge in all other groups (Fig. 1).

In all fetuses, acute hypoxaemia reduced femoral blood

flow and increased femoral vascular resistance for the

duration of the challenge (Fig. 2). The increase in fetal

femoral vascular resistance during hypoxaemia was,

however, significantly greater in HYPOX, AC and HG

relative to control (Fig. 2). The reduction in O2,del to the

fetal hindlimb during hypoxaemia was similar between

groups although lower deliveries in AC and HG (17 ± 6

and 12 ± 2 mmol min_1, respectively) were maintained

relative to control and HYPOX (42 ± 8 and 28 ± 7 mmol

min_1, respectively) fetuses.

During recovery. Arterial blood pressure remained

significantly elevated from baseline for the duration of the

recovery period in all groups of fetuses (Fig. 1). All fetuses,

with the exception of AC, exhibited significant tachycardia

after cessation of acute hypoxaemia (Fig. 1). While femoral

blood flow and vascular resistance returned towards basal

levels during recovery in control and HYPOX fetuses,

values for femoral blood flow remained significantly lower,

and those for femoral vascular resistance significantly

higher, in AC and HG fetuses (Fig. 2). During recovery,

hindlimb O2,del was restored to baseline values in control

fetuses but remained at a significantly lower level in

HYPOX, AC and HG fetuses relative to baseline and to

control fetuses (control, 103 ± 12 mmol min_1; HYPOX,

65 ± 15 mmol min_1; AC, 44 ± 16 mmol min_1; HG,

54 ± 15 mmol min_1, P < 0.05). 
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Figure 1. Fetal arterial blood pressure and heart rate during acute hypoxaemia
Data represent absolute changes from baseline for mean arterial blood pressure and heart rate during acute
hypoxaemia in control (n = 14) and HYPOX (n = 8), AC (n = 5) or HG (n = 6) fetuses. Values are
means ± ... of cardiovascular data (1 min average) for a baseline period (1 h normoxia), 1 h of
hypoxaemia (filled bars) and 1 h of recovery. Statistical differences are: * P < 0.05, normoxia vs. early (first
15 min) or late (last 45 min) hypoxaemia or recovery; † P < 0.05, control vs. HYPOX fetuses; ‡ P < 0.05,
HYPOX vs. HG fetuses. For details of groups refer to Table 1.



Functional chemoreflex activity during acute
hypoxaemia
Acute hypoxaemia reduced carotid Pa,O2

to a similar level in

all fetuses (Table 2). Whilst the absolute fall in Pa,O2
was

similar in control, AC and HG fetuses (falls of 10 ±

3 mmHg), the decrement in Pa,O2
was significantly less in

HYPOX (6 ± 2 mmHg) relative to control (12 ± 4 mmHg)

fetuses (P < 0.05). Within the first 15 min of the onset of

acute hypoxaemia, the fall in Pa,O2
was associated with a

significant reduction in fetal heart rate (nadir of 38 ±

11 beats min_1) and a significant increase in femoral vascular

resistance (maximum of 2.28 ± 0.86 mmHg (ml min_1)_1)
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Figure 2. Fetal femoral blood flow and vascular resistance during acute hypoxaemia
Data represent absolute changes from baseline for mean fetal femoral blood flow and vascular resistance
(FVR) during acute hypoxaemia in control (n = 14) and HYPOX (n = 8), AC (n = 5) or HG (n = 6) fetuses.
Values are means ± ... of cardiovascular data (1 min average) for a baseline period (1 h normoxia), 1 h of
hypoxaemia (filled bars) and 1 h of recovery. Statistical differences are: * P < 0.05, normoxia vs. early (first
15 min) or late (last 45 min) hypoxaemia or recovery; † P < 0.05, control vs. compromised (HYPOX or AC
or HG) fetuses; ‡ P < 0.05, HG vs. HYPOX fetuses. For details of groups refer to Table 1.

Figure 3. Functional chemoreflex analysis during
early hypoxaemia
Values are paired individual data points for control
(1, n = 14) and for chronically hypoxaemic (0, n = 8)
fetuses. An analysis of chemoreceptor function was enabled
by plotting the fall in carotid Pa,O2

against the maximal fall in
fetal heart rate and the maximal increase in femoral vascular
resistance within the first 15 min of acute hypoxaemia. The
slopes of the relationships for all individual data points were
significantly different between control and HYPOX fetuses
for both the cardiac (y = 3.0016x + 0.5 vs.
y = 6.6483x + _0.3) and femoral (y = _0.1401x + 0.5 vs.
y = _0.4251x + _0.3) vascular chemoreflex function curves
(P < 0.05, both cases). 



in control fetuses. The nadir for fetal heart rate and the

maximum increase in femoral vascular resistance during

the first 15 min of hypoxaemia were of a similar

magnitude in HYPOX, AC and HG fetuses relative to

controls. Consequently, when individual values for heart

rate and femoral vascular resistance were plotted against

corresponding values for Pa,O2
during normoxia and the

first 15 min of acute hypoxaemia, the slopes for all

individual data points for the cardiac and femoral vascular

chemoreflex function curves were similar in AC and HG

fetuses, but the slopes of both cardiac and vasoconstrictor

chemoreflex curves were enhanced in HYPOX fetuses,

relative to control fetuses (Fig. 3).

Fetal endocrine responses to acute hypoxaemia
Catecholamines. In control fetuses, basal plasma

concentrations of noradrenaline, adrenaline and of total

catecholamines were 356 ± 65, 85 ± 12 and 502 ±

78 pg ml_1, respectively (Fig. 4). While basal plasma

concentrations of catecholamines in AC and HG were

similar (Fig. 4), basal concentrations of noradrenaline

(1351 ± 276 pg ml_1) and of total catecholamines (1709 ±

341 pg ml_1) were significantly greater in HYPOX fetuses,

relative to controls (P < 0.01, both cases). Acute hypoxaemia

led to significant increases in the plasma concentration of

noradrenaline and total catecholamines in all groups of

fetuses and of plasma adrenaline in control, AC and HG,

but not HYPOX, fetuses (Fig. 4). The increase in plasma

noradrenaline and in total catecholamines during hypox-

aemia was significantly greater in HYPOX, AC and HG

fetuses relative to controls (Fig. 4). During recovery, values

for noradrenaline, adrenaline and total catecholamines in

all fetuses returned towards baseline values; however, the

concentrations of noradrenaline and of total catecholamines

remained significantly elevated from baseline in HYPOX

relative to controls (Fig. 4). 

Vasopressin. Basal plasma concentrations of vasopressin

were similar in all groups of fetuses (controls, 3.0 ± 0.5 pg

ml_1; HYPOX, 3.6 ± 1.3 pg ml_1; AC, 9.6 ± 3.1 pg ml_1;
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Figure 4. Fetal plasma
noradrenaline, adrenaline and
total catecholamine
concentrations during acute
hypoxaemia
Values are means ± ... for control
(5, n = 14), HYPOX (^ , n = 7), AC
($, n = 6) and HG (4, n = 5) fetuses
for plasma noradrenaline, adrenaline
and total catecholamine
concentrations during normoxia,
hypoxaemia and recovery. Statistical
differences are: * P < 0.05, normoxia
vs. hypoxaemia; † P < 0.05, control vs.
HYPOX or AC or HG fetuses. For
details of groups refer to Table 1. 



HG, 7.7 ± 2.5 pg ml_1; Fig. 5). Significant increases in

plasma vasopressin occurred during acute hypoxaemia in

all fetuses; however, the increases were significantly

greater in AC and HG relative to control fetuses (Fig. 5).

Furthermore, the magnitude of the increase in plasma

vasopressin during acute hypoxaemia in AC fetuses was

significantly greater relative to HYPOX fetuses (Fig. 5).

During recovery, plasma vasopressin returned towards

basal levels in control and HYPOX, but remained

significantly elevated from baseline in AC and HG fetuses

(Fig. 5).

ACTH and cortisol. Basal concentrations of fetal plasma

ACTH and cortisol and the plasma ACTH and cortisol

responses to hypoxaemia were not significantly different

in HYPOX, AC and HG fetuses. Therefore, all data for

ACTH and cortisol in these groups were combined to form

a group of ‘compromised’ fetuses. Resting plasma ACTH

and cortisol concentrations were significantly greater in

compromised relative to control fetuses (Fig. 6). During

acute hypoxaemia, despite similar increases in plasma

ACTH, the increase in plasma cortisol was significantly

greater in compromised fetuses relative to controls

(Fig. 6). The increases in fetal plasma ACTH and cortisol

concentration were maintained during the recovery

period in both groups of fetuses relative to baseline;

however, the plasma cortisol concentration remained

significantly elevated in compromised fetuses relative to

control, despite similar plasma ACTH concentrations

(Fig. 6). Correlation of all paired plasma ACTH and

cortisol concentration values during the experimental

protocol showed that the intercept, but not the slope, of

the linear relationship was significantly greater in

compromised fetuses (y = 0.0550x + 42.12) relative to

control fetuses (y = 0.0315x + 26.03) (Fig. 7). 

Correlation analyses of values for femoral vascular
resistance, blood gases, pH and plasma hormone
concentrations
When values for the increases in femoral vascular resistance

during acute hypoxaemia were combined for all groups,

this combined increase could equally and independently

be predicted by pHa or Pa,O2
(P < 0.001), although pHa

(r = _0.70) appeared to be a greater determinant of changes

in femoral vascular resistance than Pa,O2
(r = _0.24). In

addition, the change in femoral vascular resistance during

hypoxaemia in control and compromised fetuses could be

predicted by plasma vasopressin (r = 0.70) and total

plasma catecholamines (r = 0.51; P < 0.001, both cases).

However, given the degree of co-linearity between

vasopressin and total plasma catecholamines (r = 0.59,

P < 0.001), partial correlation analyses indicated that

vasopressin (P < 0.001) rather than total catecholamines

(P = 0.052) was the best independent endocrine factor for

predicting the fetal femoral vascular resistance response to

acute hypoxaemia. Furthermore, there was a high degree

of co-linearity between vasopressin and pHa (r = _0.74,

P < 0.001) and partial correlation analyses revealed that

the increase in fetal femoral vascular resistance during

acute hypoxaemia could be equally predicted by either

vasopressin (r = 0.36) or pHa (r = _0.42; P < 0.001, both

cases).

DISCUSSION
In the present study, prevailing and sustained hypoxaemia,

acidaemia or hypoglycaemia altered the cardiovascular

responses to a further episode of acute hypoxaemia in fetal

sheep during late gestation. Alterations in the cardio-

vascular responses to acute hypoxaemia in compromised

fetuses included enhanced pressor and femoral vaso-
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Figure 5. Fetal plasma vasopressin
concentration during acute
hypoxaemia
Values are means ± ... for control
(5, n = 14), HYPOX (^ , n = 7), AC
($, n = 6) and HG (4, n = 5) fetuses for
fetal plasma vasopressin concentration
during normoxia, hypoxaemia and
recovery. Statistical differences are:
* P < 0.05, normoxia vs. hypoxaemia or
recovery; † P < 0.05, control vs. AC or HG
fetuses; ‡ P < 0.05, AC vs. HYPOX fetuses.
For details of groups refer to Table 1. 



constrictor responses, which were associated with greater

circulating concentrations of plasma noradrenaline and

vasopressin. All compromised fetal groups showed resetting

of basal hypothalamic–pituitary–adrenal (HPA) function.

However, only fetuses with prevailing hypoxaemia had

significantly elevated basal concentrations of nor-

adrenaline and enhanced chemoreflex function during

acute hypoxaemia.

There has been a long-standing interest in the effects of

chronic hypoxia on chemoreflex function. However, most

of the available literature on this topic is on the effects of

the chronic hypoxia of high altitude on ventilatory

adaptation in adult life (Hanson, 1998). At sea level, it is

known that acute episodes of hypoxia in adult life result in

an increase in minute ventilation, a response which is

known to be mediated by a carotid chemoreflex, because

section of the carotid sinus nerves (Williams & Hanson,

1990) or removal of the carotid body (Chiocchio et al.
1984) prevent the hypoxic ventilatory drive. The effect of

chronic hypoxia on this reflex is dependent on the

duration of the challenge. For example, in the cat, while
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Figure 6. Fetal plasma ACTH and cortisol
concentrations during acute hypoxaemia
Values are means ± ... for control fetuses
(5, n = 14) or compromised fetuses (combined
data for HYPOX, AC and HG fetuses; 4, n = 18) for
plasma ACTH and cortisol concentrations during
normoxia, hypoxaemia and recovery. Statistical
differences are: * P < 0.05, normoxia vs.
hypoxaemia or recovery; † P < 0.05, control vs.
compromised fetuses. 

Figure 7. Linear regression of fetal plasma
ACTH and cortisol concentrations during
acute hypoxaemia
Linear regression for fetal plasma ACTH and
cortisol in control fetuses (1; dotted line, n = 14)
and compromised fetuses (combined data for
HYPOX, AC and HG fetuses; 0, continuous line,
n = 18). Data points are for all paired ACTH and
cortisol samples in individual fetuses obtained
during acute hypoxaemia. There was a significant
change in the intercept, but not the slope, of the
relationship between plasma ACTH and cortisol in
control and compromised fetuses (intercept:
y = 0.0315x + 26.03 vs. y = 0.0550x + 42.12,
P < 0.05 for control and compromised fetuses,
respectively). 



exposure to hypobaric hypoxia for 48 h sensitises (Vizek et
al. 1987), prolonged exposure to hypoxia for several weeks

or more desensitises the chemoreflex ventilatory response

(Tatsumi et al. 1991). This desensitising effect on

chemoreflex function of prolonged exposure to hypoxia is

in agreement with the widely held view that residents at

high altitude have blunted ventilatory responses to acute

hypoxia.

In the fetus, acute hypoxia inhibits breathing movements

(Boddy et al. 1974) but it produces well-described

cardiovascular responses that have important carotid

chemoreflex components. In fetal sheep, acute hypoxaemia

elicits bradycardia and femoral vasoconstriction which are

known to be triggered by a carotid chemoreflex, since

section of the carotid sinus nerves prevents both responses

within the first 15 min of the onset of the challenge

(Giussani et al. 1993). In the present study, prevailing

hypoxaemia in the sheep fetus sensitised both cardiac and

vasoconstrictor chemoreflex responses. Combined, past

and present data therefore suggest that exposure to

hypoxia for days has a sensitising effect on cardiovascular

chemoreflex function in fetal life and ventilatory

chemoreflex function in postnatal life, while exposure to

sustained hypoxia for a week or more switches the effect of

hypoxia on chemoreflex function from sensitisation to

desensitisation. 

Sustained fetal hypoxaemia in complicated pregnancies

rarely occurs in isolation but rather is accompanied by

either acidaemia and/or hypoglycaemia (Nicolaides et al.
1989). Thus an additional objective of the present study

was to determine the relative contributions of each of these

adverse intrauterine conditions on the capacity of the fetus

to respond to a further episode of acute hypoxaemia.

Previous studies that have addressed the effects of

prevailing adverse intrauterine conditions on the fetal

cardiovascular response to acute hypoxaemia have induced

adverse intrauterine conditions experimentally by reduction

in placental size (carunclectomy; Robinson et al. 1983), by

occlusion of uterine blood flow with a balloon catheter

(Block et al. 1990b) or by embolisation of the umbilico-

placental (Block et al. 1989) or utero-placental (Block et al.
1984) circulations. In addition, a series of studies have

investigated the fetal cardiovascular responses to acute

hypoxaemia in the fetal llama, a species that is genetically

adapted to the chronic hypobaric hypoxia of life at high

altitude (Giussani et al. 1996, 1999). However, both

carunclectomy and embolisation are relatively severe

challenges as indicated by the degree of associated growth

retardation, morbidity and mortality (Robinson et al.
1979; Mallard et al. 1998) and carunclectomised fetuses

become chronically hypoxaemic, polycythaemic, hypo-

glycaemic and lactacidaemic (Robinson et al. 1979). 

Carunclectomised fetuses were shown to respond to acute

hypoxaemia with only a transient bradycardia, with heart

rate returning to basal levels within 15 min of the onset of

the challenge, in contrast to control fetuses in which heart

rate remained depressed for the duration of the challenge

(Robinson et al. 1983). Similarly, in the present study, the

duration of bradycardia during acute hypoxaemia was

prolonged in control, chronically hypoglycaemic and

acidaemic fetuses but was only transient in chronically

hypoxaemic, polycythaemic fetuses. This suggests that in

the carunclectomised fetus the pattern of the fetal heart

rate response may be explained by prevailing hypoxaemia

specifically, rather than by the prevailing hypoglycaemia

and/or acidaemia (Robinson et al. 1983). Faster return of

fetal heart rate towards basal values during acute hypox-

aemia has been attributed to increased b-adrenergic

stimulation of the heart, secondary to elevations in

circulating concentrations of catecholamines in the fetal

circulation (Parer, 1983). In this context, it is of interest

that in the present study the increase in total plasma

catecholamines during acute hypoxaemia was significantly

enhanced in all groups of compromised fetuses, not just in

the chronically hypoxaemic group.

The series of studies by Block et al. (1984, 1989, 1990a)
reported that fetuses compromised in utero, by embolisation

leading predominantly to hypoxaemia alone, exhibited a

basal redistribution of blood flow towards the brain,

heart and adrenal glands and that this basal circulatory

compensation was accentuated during an episode of

superimposed acute hypoxaemia. If acidaemia developed

during superimposed acute hypoxaemia, the circulatory

compensation was further exaggerated (Block et al.
1990a). These findings are in general agreement with those

reported in the present study as the increase in femoral

vascular resistance, a good index of redistribution of the

fetal cardiac output away from the periphery (Giussani

et al. 1996), was significantly enhanced during acute

hypoxaemia in all groups of compromised fetuses. Similar

conclusions were drawn from preliminary data obtained

from one fetus which revealed an enhanced femoral

vasoconstrictor response to acute hypoxaemia when

superimposed upon chronic, partial compression of the

maternal internal iliac artery (Bennet & Hanson, 1994).

The faster return of femoral vascular resistance towards

baseline during recovery from acute hypoxaemia in

chronically hypoxaemic, relative to chronically acidaemic

or hypoglycaemic, fetuses suggests a specific up-regulation

of vasodilatory mechanisms, such as nitric oxide, by

exposure to chronic hypoxaemia, as has been shown

previously (Zhang et al. 1998).

In the present study, the enhanced femoral vasoconstrictor

response to superimposed acute hypoxaemia was associated

with marked elevations in plasma catecholamines and

vasopressin in all groups of compromised fetuses.

However, the increase in plasma vasopressin during acute

hypoxaemia was greatest in the chronically acidaemic
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fetuses, and partial correlation analysis revealed that

changes in fetal pHa rather than Pa,O2
, and in fetal plasma

vasopressin rather than total plasma catecholamines,

during acute hypoxaemia appeared to be the greater

determinants of fetal femoral vasoconstriction. In this

regard, it is of interest to note that: (1) the llama fetus has

enhanced femoral vasoconstrictor and plasma vaso-

pressinergic responses to acute hypoxaemia relative to

control sheep fetuses at comparable stages of gestation

(Giussani et al. 1994b, 1996, 1999); (2) llama fetuses

(Giussani et al. 1999) and chronically hypoxaemic,

growth-retarded fetal sheep (Block et al. 1984) have a

greater dependence on a-adrenergic mechanisms to survive

episodes of acute hypoxaemia than control fetal sheep; and

(3) the plasma vasopressin response to acute hypoxaemia

in the sheep fetus is augmented by prevailing acidosis (Raff

et al. 1991). Taken together, these findings suggest that

adverse intrauterine conditions per se may enhance the

capacity of the compromised fetus to redistribute blood

flow away from the periphery to serve hypoxia-sensitive

circulations, but the precise mechanisms which are

recruited to mediate this enhanced response depend on

the relative degree of, and interplay between, prevailing

hypoxaemia, acidaemia or hypoglycaemia in complicated

pregnancies. 

It is becoming increasingly clear that fetal exposure to

adverse intrauterine conditions induced experimentally

by several techniques leads to elevations in basal fetal

plasma noradrenaline, but not necessarily adrenaline,

concentrations and resets basal HPA axis function

(McMillen et al. 2001; Gardner et al. 2001b). Elevated basal

fetal plasma noradrenaline concentrations occur after

carunclectomy (Jones & Robinson 1983; Simonetta et al.
1997), embolisation of the fetal–placental circulations

(Gagnon et al. 1994) and reductions in uterine (Hooper et
al. 1990) and umbilical (Gardner et al. 2001a) blood flow.

In the present study, prevailing hypoxaemia, but not

acidaemia or hypoglycaemia, led to elevations in basal fetal

plasma noradrenaline levels. This suggests that chronic

hypoxaemia, rather than acidaemia or hypoglycaemia,

may be a greater determinant of elevated basal fetal plasma

noradrenaline concentrations during adverse intrauterine

conditions. The mechanism mediating hypoxaemia-

induced, sustained elevations in fetal plasma nor-

adrenaline concentrations is unknown. However,

Ruijtenbeek et al. (2000) demonstrated that in the chicken

embryo chronic, moderate hypoxia led to increased

noradrenaline content, sympathetic nerve fibre density

and cocaine-sensitive neuronal uptake of noradrenaline in

femoral arteries, findings which are consistent with

increased numbers of sympathetic varicosities and enhanced

neuronal capacity for the synthesis of noradrenaline.

Although the extent to which elevated basal plasma

noradrenaline concentration in the chronically hypox-

aemic sheep fetus reflects enhanced neuronal spill-over

rather than adrenal medullary output of the amine is

unknown. 

Exposure of the fetus to long-term intrauterine stress most

often results in a resetting of the HPA axis, resulting in

sustained elevations in basal plasma cortisol, despite

only a transient increase in plasma ACTH concentration

(Robinson et al. 1979; Bocking et al. 1986; Challis et al.
1989; Gagnon et al. 1994; Murotsuki et al. 1996).

Furthermore, basal resetting of HPA axis function in the

fetus in response to prolonged stress persists even after

restoration of normal intrauterine conditions (Gardner et al.
2001b). However, interestingly, basal HPA axis sensitivity,

rather than set-point, appears to be unaltered during

adverse intrauterine conditions (Kerr et al. 1992; Harvey et
al. 1993) or during stimulated acute stress superimposed

on (Gagnon et al. 1997) or after (Gardner et al. 2001b)
chronic adverse intrauterine conditions. In contrast to the

differential effects of prevailing hypoxaemia, acidaemia or

hypoglycaemia on basal plasma noradrenaline output

and the increment in fetal plasma vasopressin during

superimposed acute hypoxaemia, basal resetting of the

HPA axis appears to be a general outcome during many

forms of adverse intrauterine conditions. The mechanism(s)

mediating sustained elevations in fetal plasma cortisol in

the absence of significant elevations in fetal plasma ACTH

during or following adverse intrauterine conditions

remain unclear, but may involve increased adrenocortical

steroidogenic capacity (Gardner et al. 2001b) or sensitivity

(Edwards et al. 1986), altered transplacental cortisol

transfer, changes in the ratio of bioactive : immunoreactive

ACTH (Young et al. 1996) or increased action of an ACTH-

independent steroidogenic factor such as vasoactive

intestinal peptide (Bloom et al. 1987), corticotrophin-

releasing hormone (Jones & Edwards, 1992) and the

eicosanoid prostaglandin E2 (Young et al. 1996), since all

have been shown to promote steroidogenesis in the

absence of changes in circulating ACTH. At present, the

more likely candidate would appear to be prostaglandin

E2, since increased concentrations have been observed

during prolonged adverse intrauterine conditions (Fowden

et al. 1989; Hooper et al. 1990; Gagnon et al. 1997).

The reductions in pHa and acid–base excess (AC), Pa,O2

(HYPOX) and blood glucose (HG) were apparent on the

first (HYPOX and HG) or second (AC) day after surgery.

Whilst the hypoxaemia and hypoglycaemia could be due

to slow recovery after surgery, the result of an acute

compromise during surgery or altered maternal oxygenation

or metabolic status, these are unlikely because: (1) the

reductions in Pa,O2
and blood glucose were sustained;

(2) maternal values for Pa,O2
and blood glucose were

appropriate for control ewes at this stage of gestation;

(3) poor post-surgical recovery is rare in our laboratory

(< 5 %); and (4) control fetuses exposed to the same

degree of surgical instrumentation had appropriate blood
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gas and glucose status immediately after surgery at an

equivalent stage of gestation. The cause of the specific

reduction in fetal pHa and acid–base excess despite

appropriate blood lactate concentrations is not known,

but is interesting. Arterial pH has been shown to alter

independently from the concentration of circulating

metabolic acids (Hooper et al. 1990; Gardner et al.
2001a,b), and was postulated to be related to changes in

specific metabolically active hormone concentrations, in

particular catecholamines and PGE2 (Hooper et al. 1990).

While the present study suggests that catecholamines

may not be important, a role for changes in PGE2

concentrations or the placental/renal handling of acid

cannot be ruled out. 

In the present study, the specific cause and actual duration

of the adverse intrauterine conditions are not known.

However, abnormal conditions in control fetuses result

from a number of factors including low-grade subclinical

infection, altered placental function and multiple pregnancy

and a potential role for these on basal metabolic conditions

or on the cardiovascular responses to acute hypoxaemia

cannot be entirely excluded at present. Nevertheless, to

date, there is no information in the literature on the partial

contributions of different types of adverse intrauterine

conditions (hypoxaemia or hypoglycaemia or acidaemia)

on the capacity of the fetal cardiovascular and endocrine

systems to respond to an acute stress that is similar to that

encountered during labour and delivery (Rurak et al. 1997).

Furthermore, the present study is the first to determine

which neural and endocrine mechanisms involved in fetal

responses to acute stress may be potentially affected after

adaptation to chronic adverse intrauterine conditions.

However, the present study indicates that if similar blood

gas, acid–base or metabolic profiles are encountered in

future physiological/metabolic studies in fetal sheep then

these fetuses should not be considered as appropriate

controls and should be excluded from any further analyses

or study. 
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