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The late gestation fetal cardiovascular response to
hypoglycaemia is modified by prior peri-implantation
undernutrition in sheep
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Undernourished late gestation fetuses display asymmetric growth restriction, suggestive of a
redistribution of nutritional resources. The modification of fetal organ blood supply in response
to acute hypoxia is well characterized, but it is not known whether similar responses occur in
response to acute reductions in nutrition, or if such late gestation responses can be influenced by
early gestation nutrition. In pregnant sheep, total nutrient requirements were restricted during
the peri-implantation period (P140, 40%; PI50, 50% of total, days 1-31) or in late gestation (L,
50% total, days 104—postmortem). Control animals were fed 100% nutrient requirements. Fetal
organ blood flows were measured at baseline, and during acute fetal hypoglycaemia induced
by maternal insulin infusion at 125 dGA. Baseline heart rate was increased in PI40 fetuses.
During hypoglycaemia, an initial rise in fetal heart rate was followed by a slower fall. Fetal
femoral artery blood flow decreased, and adrenal blood flow and femoral vascular resistance
increased in all fetuses during hypoglycaemia. These changes were accompanied by increased
fetal plasma adrenaline and cortisol, and reduced plasma insulin levels. The maximum femoral
artery blood flow response to hypoglycaemia occurred earlier in PI50 and PI40 compared
with control fetuses. The late gestation fetal cardiovascular response to acute hypoglycaemia
was consistent with a redistribution of combined ventricular output away from the periphery
and towards central organs. One element of the peripheral vascular response was modified by
peri-implantation nutrient restriction, indicating that nutritional challenges early in gestation
can have an enduring impact on cardiovascular control.
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Disproportionate fetal growth has been linked to an
increased risk of cardiovascular disease (CVD) in adult
life (Barker et al. 1993; Forsen et al. 1997; Eriksson et al.
2001). The mechanisms underlying this association are
likely to originate in utero in response to inadequate
nutrition, since nutritional challenges in early and late
gestation have been shown to affect adult CVD risk factors
(Roseboom et al. 2000; Painter et al. 2005). In animals,
undernutrition in early gestation (Gardner et al. 2004;
Cleal et al. 2007) and even just prior to implantation
(Kwong et al. 2000) has been associated with altered
cardiovascular control in adulthood. The fetus may
promote its immediate survival during undernutrition
by sacrificing the growth of some organs to support the
development of others, resulting in asymmetric growth.
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However, since the epidemiological associations between
fetal growth and later risk of CVD relate to the normal
range of fetal growth, such responses may not necessarily
only confer an immediate survival advantage. They may be
part of a ‘predictive adaptive response’ designed to ensure
the suitability of an individual’s homeostatic control
settings for it’s anticipated future environment (Gluckman
& Hanson, 2004).

It is well known that the late gestation fetus is capable
of rapid (Giussani et al. 1993; Giussani ef al. 1996) and
sustained (Rurak et al. 1990; Richardson et al. 1996)
redistribution of organ blood supply in response to
hypoxia. This response includes an increase in blood
supply to the brain, heart and adrenal glands while the
supply to the periphery, and organs including the liver, falls
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(Cohn et al. 1974; Peeters et al. 1979; Reuss & Rudolph,
1980; Itskovitz et al. 1987). Doppler ultrasound studies
in humans have shown an increase in the shunting of
fetal blood to the upper body via the ductus venosus in
cases of intrauterine growth restriction (Richardson et al.
1996; Tchirikov et al. 1998; Bellotti et al. 2004 ), consistent
with a protective brain-sparing response. Furthermore,
late gestation fetal sheep with low levels of circulating
glucose (of unknown aetiology) exhibited lower femoral
artery blood flow than fetuses with normal glucose levels
(Gardner et al. 2002). The cardiovascular response of
the late gestation fetal sheep to hypoglycaemia, induced
by fetal insulin infusion, is variable, possibly due to the
concomitant hyperinsulinaemia (Milley, 1987; Stonestreet
et al. 1996). To date, the fetal cardiovascular response
to hypoglycaemia without fetal hyperinsulinaemia is not
known. The effect of reduced late gestation maternal
nutrient intake has also not been tested directly.

Fetal growth rates during early gestation are sensitive to
environmental cues including maternal low-protein diet
(Kwong et al. 2000) or global undernutrition (Heasman
et al. 1998; Oliver et al. 2005). Moreover, early gestation
maternal nutrient restriction in sheep is associated with
raised basal femoral vascular resistance and augmented
femoral vascular resistance response to hypoxia in late
gestation (Hawkins er al. 2000a), suggestive of a reduction
in peripheral blood supply. The blood supply to the upper
body through the ductus venosus has been shown to be
affected by maternal diet and body composition before
conception (Haugen et al. 2005). However, the effect of
early gestation nutrient restriction on late gestation organ
blood flows, and the cardiovascular response to an acute
late gestation hypoglycaemia have not previously been
investigated.

The primary aim of this study was to characterize
the late gestation fetal cardiovascular response to acute
hypoglycaemia induced by maternal insulin infusion, in
the absence of fetal hyperinsulinaemia. In addition, we
aimed to determine the effect of peri-implantation and late
gestation maternal nutrient restriction on this response.
The intensity of the undernutrition challenges was based
on previous sheep experiments (Edwards & McMillen,
2001; Gardner et al. 2004; Cleal et al. 2007) and the modest
effects of the peri-implantation challenge intensity led us
to increase its intensity in year 2. Previous evidence of
altered blood flow through specific vessels (e.g. femoral
artery; Hawkins et al. 2000b; Gardner et al. 2002) in
the face of undernutrition meant that it was important
to assess organ blood flows. Microsphere techniques to
assess fetal organ blood flow have been advanced by the
use of fluorescent microspheres which have practical and
financial advantages over the radiolabelled variety. While
they are still challenging technically, they have been used
with success in the fetus (Tan et al. 1997) and were therefore
developed by us for use in this study.
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Methods

All procedures were carried out with local ethics approval
and in accordance with the UK Animals (Scientific
Procedures) Act 1986.

Animals and study design

Two studies were performed over two sheep-breeding
seasons on singleton fetuses, as confirmed by a
mid-gestation ultrasound scan. In both studies, Welsh
Mountain ewes of uniform body condition score (BCS
2.0-3.0; Russel et al. 1969) and age were randomised to
control or dietary restricted groups, housed individually
on wheat straw and fed a complete pelleted diet
with free access to water (89.2% dry matter as fed,
and provided 10.7 MJ (kg dry matter)™' (metabolisable
energy) and 14.8% protein) from —16 dGA (adjusted to
gestational age; AFRC, 1993). Oestrus was synchronized
by withdrawal of a vaginal medoxyprogesterone acetate
impregnated sponge (Veramix, Upjohn, Ltd, Crawley, UK)
at —2 dGA, 14 days after insertion. One of two twin rams
(randomly assigned) was introduced for 2 days, and 0 dGA
was taken as the first day that an obvious raddle mark was
observed. Maternal weight and BCS were assessed, and
maternal blood samples (36 ml onto chilled EDTA tubes,
approximately 1% blood volume; Rumball et al. 2008)
were taken from the jugular vein at 29 dGA.

Study 1. Control animals (C1, n=10) were fed 100%
of nutrient requirements. Peri-implantation nutrient
restricted animals (PI50, n = 9) were fed 50% of nutrient
requirements from 1 to 31 dGA, and 100% at all other
times.

Study 2. Control animals (C2, n=10) were fed 100%
of nutrient requirements. Peri-implantation nutrient
restricted animals (PI40, n = 9) were fed 40% of nutrient
requirements from 1 to 31 dGA, and 100% at all other
times. Late gestation nutrient restricted animals (L, n = 6)
were fed 50% of nutrient requirements from 104 dGA until
postmortem, and 100% at all other times.

Surgical preparation and care

At approximately 117 dGA, anaesthesia was induced with
1 g thiopental sodium BP Lv. (10ml, 0.1 gml™!, Link
Pharmaceuticals, UK) and maintained with 2% halothane
(Concord Pharmaceuticals Laboratory Ltd, UK) in O,
(11min~'). Saline-filled polyvinyl catheters (Portex Ltd,
Hythe, UK) were inserted into the fetal carotid and
femoral artery, femoral vein, trachea, amniotic cavity and
bladder (data not reported here) and the maternal jugular
veins. Ultrasonic flow probes (Transonic Systems Inc.,

© 2009 The Authors. Journal compilation © 2009 The Physiological Society



J Physiol 587.3

Ithaca, NY, USA) were placed around the uncatheterized
carotid and femoral arteries, and stainless-steel
electrodes were placed on the parietal cortex for
fetal electrocorticogram (ECoG) recording. Uterine and
abdominal incisions were closed and catheters were
exteriorized. The vascular catheters were heparinized
(fetal, 50Uml™'; ewe, 100Uml™" heparin, Leo
Laboratories Ltd, Princes Risborough, UK in 0.9% NaCl
saline).

At surgery, antibiotics were administered to: (1)
the ewe (oxytetracycline hydrochloride (Terramycin)
topically to incision sites, Pfizer, Eastleigh, Northants,
UK; Betamox .M. (150 mg kg™ amoxicillin), Norbrook
Laboratories Ltd, UK; Crystapen L.v. (600 mg), Britannia
Pharmaceuticals Ltd, Redhill, Surrey, UK; gentamicin 1.v.
(40 mg), Mayne Pharma plc, Royal Leamington Spa, UK);
(2) the fetus (Crystapen 1.v.; 300 mg); and (3) the amniotic
cavity (Crystapen, 300mg and gentamicin, 40 mg).
Gentamicin doses were repeated on postoperative days
1 and 2, and half doses of Crystapen were administered
daily for 4-5 postoperative days. Vascular and amniotic
catheters were flushed daily with heparinized saline, and
vascular catheters were kept patent with a continuous
infusion (fetal; 0.0l mlh~!, ewe; 1 mlh=1).

Fetal monitoring

Fetal carotid artery, amniotic and tracheal pressures
(Capto AS, N-3193, Horten, Norway/NL 108, Digitimer
Ltd, Welwyn Garden City, UK), ECoG (NL 100/104/125)
and carotid and femoral arterial blood flows (TS420,
Transonic Systems Inc.) data were captured (Sampling
rate 40 samples per second, Maclab/8, ADInstruments
Pty Ltd, Castle Hill, Australia) and recorded (Chart,
ADInstruments, Chalgrove, UK).

Experimental procedures

Fetal cardiovascular measurements and hypoglycaemia.
At approximately 10.00 h, cardiovascular variables and
ECoG activity were measured continuously before
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(approximately 60 min) and after (60 min) the onset of
maternal 1.v. infusion of heparinized saline vehicle (study
1 only, 125dGA, data not shown) or insulin (125 =+
1dGA, 130min (30s bolus of 0.5iUkg™! min~' and
0.01iUkg™' min™! thereafter), porcine, Novo Nordisk,
UK; 51U ml™! in heparinized saline) (Fig. 1). In addition,
organ blood flows were measured with fluorescent
microspheres (Molecular Probes, PoortGebouw, the
Netherlands) before (just after 60 min of continuous
variable recording — see above) and during (between
60 and 130min) maternal insulin-induced fetal
hypoglycaemia using techniques based on previously
reported methods (Tan et al. 1997) (see below). The micro-
sphere measurements were always made during the first
available episode of high voltage ECoG activity, to control
for any effect of electrocortical activity on cardiovascular
parameters.

Blood collection. Maternal (0.5ml) and fetal femoral
arterial (0.25ml) blood was collected at predetermined
intervals (Fig.1) into cold heparinized syringes and
analysed for glucose, lactate, pH, oxygen and CO, with
a blood gas analyser (ABL735, Radiometer Limited,
Crawley, UK).

Maternal blood (5ml, Fig.1) and filtrate of the
fetal blood taken for microspheres reference samples
(7.9ml, see below) was collected at predetermined
intervals for hormone measurement into chilled EDTA
tubes, centrifuged at 1600 gand 4°C for 10 min and plasma
was aliquoted. In study 2 only, an extra 4 ml of fetal blood
was taken just prior to the microspheres reference sample
to provide plasma for ACTH measurement. All plasma
was stored at —80°C.

Postmortem procedure. Ewes and fetuses were killed
at 127dGA with 40ml 1.v. pentobarbitone sodium
(200 mg ml~! Pentoject, Animalcare Ltd, UK), and organs/
tissues were harvested immediately for microsphere blood
flow analysis. Skeletal muscle samples were taken from the
gastrocnemius.
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Figure 1. Late gestation maternal insulin infusion protocol

Baseline (= 60 min, filled boxes) and maternal insulin infusion (130 min, diagonal striped boxes) periods comprised
on-line fetal cardiovascular/ECoG recording, and two periods during which microspheres (MS) were administered
to the fetus during episodes of high voltage ECoG activity. Maternal (5.5 ml for hormone and blood gas analysis)
and fetal (0.25 ml for blood gas analysis) blood samples were taken at predetermined intervals (arrows). Fetal MS
reference blood sample (7.5 ml) plasma was kept for hormone analysis. In study 2 only, an additional 4 ml fetal
blood was taken immediately before the MS reference sample for additional hormone analysis.
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Organ blood flow determination. Fetal and placental
tissues and reference samples (see above) were collected
into a processing unit (SPU, Gaiser Kunststoff und
Metallprodukte, Kappel-Grafenhausen, Germany) and
digested (4 M aqueous KOH with 2% Tween-80,
covered with a 1.5ml layer of isopropanol) (Thein
et al. 2002). The microspheres were then washed
with phosphate buffer, dissolved with 4ml cellosolve®
acetate (Sigma-Aldrich, Inc., UK), and analysed (LS-55
luminescence spectrometer, PerkinElmer, Inc., UK).
Organ blood flows were calculated with the formula:

Blood flow = (100/Wtg1e) X (Wdrer X (Fsample/ Frer))

where blood flow is in ml min™" (100 g tissue) ™", Wtgmple
is weight of the tissue sample, Wd,¢ is withdrawal rate of
the reference sample, Fmpie is fluorescence intensity of
the tissue sample and F is fluorescence intensity of the
reference sample (Heymann et al. 1977).

Plasma hormone analysis. Cortisol was determined

in 10ul plasma by a solid-phase competitive
chemiluminescence  enzyme immunoassay (DPC
Immulite analyzer (LKCO05), Siemens Healthcare

Diagnostics Ltd., Camberley, UK). The lower limit of the
assay was 0.2 ugdl™' and the interassay coefficient of
variation was 8.2% at 3.0 ug dl™".

ACTH was determined in 75 ul plasma by a sequential
immunometric assay (automated DPC Immulite system
(LKACS5)). The lower limit of the assay was 9 pgml™!
and the interassay coefficient of variation was 3.2% at
105 pg ml™!.

Insulin was measured in 25 ul plasma by ELISA (DRG
Sheep Insulin; ImmunoDiagnostic Systems Ltd, Boldon,
UK). The range of the assay was 0.1-2.5 ugl™! and the
inter assay coefficient of variation was 6% at 0.12 ug 1.

Adrenaline and noradrenaline were measured using
a combined '*I radioimmunoassay (2 Cat RIA, Labor
Diagnostika Nord GmBH & Co, Nordham, Germany). For
noradrenaline, the sensitivity of the assay was 12.5 pg ml ™!
and the interassay coefficient of variation was 15.5% at
225 pgml™! and 15.3% at 1125 pg ml™'. For adrenaline,
the sensitivity of the assay was 2.5 pgml~' and the inter-
assay coefficient of variation was 23.6% at 1125 pg ml™"
and 14.9% at 5625 pgml~'.

Data analysis and statistics

Fetal ECoG state was assessed by visual discrimination
of traces (Walker & Pratt, 1998; El Haddad et al. 1999).
Carotid and femoral artery vascular resistance were
calculated (arterial blood flow/mean arterial pressure)
(Green et al. 1998), during high and low voltage ECoG
activity.

Baseline cardiovascular parameters are presented as an
average over the 1 h preceding the onset of maternal vehicle
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or insulin infusion. Within individual studies (i.e. study 1
and study 2), variables including baseline measurements
were compared between groups by Student’s ¢ test (study
1) or one-way ANOVA (study 2) (SPSS version 12.0,
Chicago, IL, USA), and Bonferroni’s post hoc test were
performed where significant results (P < 0.05) were
found. In both studies together, changes in variables over
time in response to the hypoglycaemic challenge were
analysed by comparing the baseline average with 10 min
averages during the infusion period. This analysis was
performed using a repeated-measures two-way ANOVA
with Bonferroni post hoc tests (using dietary group as a
between-subject factor). Within the individual studies,
differences between groups in responses to maternal
insulin infusion were assessed by one-way ANOVA of
the area under/over the curve of the response and the
time to maximum response (Matthews et al. 1990), or by
repeated-measures two-way ANOVA where only two time
points were available (i.e. fetal organ blood flow, hormone
and ECoG data). Significance was accepted when P < 0.05,
and data are expressed as means =+ S.E.M.

Results

There was no change in the variables measured with vehicle
infusion (study 1 only, data not shown).

Fetal weights

There was no difference among groups in fetal body weight
(C1, 3.0+0.1kg PI50, 3.1+0.1kg C2, 2.9+ 0.1Kg;
PI40, 2.9 0.1 kg; L, 2.8 £ 0.2 kg) or in individual organ
weights (data reported elsewhere).

Nutrients and metabolites

Baseline. During the baseline period there was no
difference between the C1/C2 and PI150/PI40 or L groups
in maternal or fetal blood glucose or lactate, or in fetal
blood gases (Table 1).

Response to maternal insulin infusion. Maternal glucose
fell during insulin infusion (P < 0.001, Fig. 2) to a similar
extent in the C1/C2, and PI50/PI40 and L groups
(Table 2), and maternal lactate increased significantly by
130 min of insulin infusion (Fig. 2). Fetal glucose fell by
20 min of maternal insulin infusion (P < 0.001, Fig. 2) to
a similar extent in the C1/C2, PI50/PI40 and L groups
(Table 2). Fetal lactate rose above baseline at 20 and
130 min of maternal insulin infusion (P < 0.05 and 0.001,
respectively, Fig. 2).

There was no significant change in fetal P, o, (baseline,
18.8 + 0.4 mmHg; 130 min, 18.2 £ 0.6 mmHg; P> 0.05)
or pH (baseline, 7.34 &£ 0.0; 130 min, 7.35 &+ 0.0; P > 0.05)
during the maternal insulin infusion. There was a
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Table 1. Basal measurements

Fetal cardiovascular control and undernutrition

Study 1 Study 2
1l PI50 (@) PI40 L
Maternal
Glucose (mmol I=71) 3.76 £ 0.11 3.44 +0.20 3.42+0.13 3.58 + 0.20 3.2240.13
Lactate (mmol I=1) 0.60 £ 0.1 0.32+£0.05 0.55 + 0.08 0.65 + 0.07 0.47 £0.06
Insulin (ug 1=") 1.5+0.3 0.8+ 0.1 1.1+£0.2 1.4+0.4 0.6 +0.1
Cortisol (g dI~") 1.8+ 0.4 1.54+0.3 0.9+0.2 1.3+0.2 0.9+0.1
ACTH (pg ml~") 16+2 1341 2245 39+ 21 17 +£3
Adrenaline (pg ml~") 10+ 1 17+3 24+5 29+5 19+4
Noradrenaline (pg mi—") 115+ 15 140 + 12 482 + 140 511 £ 150 312+ 84
Fetal

Glucose (mmol I-") 0.84 +0.06 0.81+£0.06 0.82 +0.04 0.81+0.03 0.73+£0.03
Lactate (mmol I-1) 0.92 4+ 0.06 0.90 + 0.06 0.94 £ 0.05 1.02 + 0.09 1.13+0.11
Pa,0, (mmHg) 19.6 £ 0.7 18.4+0.9 20.2+0.7 18.6+ 1.3 17.7+0.8
pH 7.34 £ 0.00 7.34 4 0.01 7.35+0.01 7.34 +£0.01 7.34 £ 0.01
K+ (mmol I-1) 2.7+0.1 2.6+0.3 2.840.1 3.1+£0.2 2.940.1
MAP (mmHg) 43 £1 43 £1 43 £1 45 +2 42 +£2
Heart rate (BPM) 173+6 174+ 5 168 + 4 183 + 3t 169 + 3
FA flow (ml min—") 39+6 33+5 32+4 37+4 36+6
CA flow (ml min—1) 83+ 12 77 +8 81+5 89+10 79+ 11
FVR (mmHg min ml~") 1.44 +0.30 1.92 +0.58 1.35+£0.11 1.49 £+ 0.32 1.09 £0.12
CVR (mmHg min mI—") 0.91+0.36 0.62 4+ 0.06 0.60 + 0.05 0.57 +0.06 0.53+0.04

615

Values are mean +s.e.m. C1, n =10; PI50, n=9; C2, n = 10; PI140, n =9; L, n = 6. MAP, mean arterial pressure; FA,
femoral artery; CA, carotid artery; FVR, femoral vascular resistance; CVR, carotid vascular resistance. {P < 0.01

versus C2.

significant increase in fetal arterial K* levels by 130 min
of maternal insulin infusion (baseline, 2.8 & 0.1 mmol17';
130 min, 3.1 + 0.1 mmol 1™, P < 0.001) to a similar extent
in dietary groups.

Hormones

Baseline. At 29 dGA (the end of the peri-implantation
dietary restriction period), maternal plasma cortisol
concentration was not different between the C1 and PI50
groups in study 1 (C1, 2.7 £ 0.5; PI50, 1.6 + 0.2 ugdl™"),
nor among the C2, PI40 and L groups in study 2 (C2,
2.6 £0.6; P140, 1.5+ 0.4; L, 2.1 £ 0.6 ugdl™).

At 125 + 1 dGA (after recovery from surgery) maternal
basal plasma insulin, cortisol, ACTH and catecholamine
concentrations were not different between the control and
maternal dietary restricted groups (Table 1).

There was no significant difference among the dietary
groups in fetal basal plasma concentration of insulin,
cortisol, ACTH or catecholamines (Fig. 3).

Response to maternal insulin infusion. Maternal plasma
insulin concentration was increased by 20 min of maternal
insulin infusion (P < 0.001, Fig.4). This was associated
with an increase in maternal plasma adrenaline (P < 0.05)
by 40 min, and in cortisol (P < 0.001), ACTH (P < 0.001)
and noradrenaline (P < 0.05) levels by 60 min of maternal

© 2009 The Authors. Journal compilation © 2009 The Physiological Society

insulin infusion (Fig. 4). There was no difference between
the control and maternal dietary restricted groups in the
AUC of these hormone responses (Table 2).

Fetal plasma insulin decreased (P < 0.001, Fig.3)
during maternal insulin infusion. Fetal plasma cortisol
(P<0.001), ACTH (P<0.01, study 2 only) and
adrenaline levels increased (P < 0.001), and noradrenaline
levels were unchanged during maternal insulin infusion
(Fig. 3). These hormone changes were not significantly
different among the dietary groups (Table 2).

Cardiovascular variables and ECoG state

Baseline. The time spent in high voltage (HV) fetal ECoG
activity was not different among the C1/C2, PI50/PI140 and
L groups during the baseline period (Table 3).

Basal fetal heart rate, mean arterial pressure and femoral
and carotid arterial blood flows were not different between
the C1 and PI50 groups in study 1. In study 2, fetal heart
rate was significantly higher in PI40 fetuses than in C2
fetuses (P < 0.01, Table 1), but there was no effect of
maternal dietary group on basal mean arterial pressure
and femoral and carotid arterial blood flows (Table 1).

Basal organ blood flows did not differ between the C1
and PI50 groups in study 1 (Table 3). In study 2, basal gut
blood flow only was higher in L than C fetuses (P < 0.05).
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Table 2. Glucose and maternal hormones during hypoglycaemia: dietary group comparison

J Physiol 587.3

Study 1 Study 2
(@] PI50 2 Pl40 L
Area over curve
Maternal glucose (mmol min I-1) 241.8+9 213.6 + 27 230.9+ 16 239.2 + 22 199.0 +£7
Fetal glucose (mmol min I-71) 39.5+5 31.5+3 455+ 4 35.1+4 32.8+3
Area under curve
Insulin (g min =) 9699 + 610 12033 + 2300 9569 + 1000 10115 + 590 9733 + 530
Cortisol (1.g min dI~") 530 + 130 843 + 160 283 + 82 391+ 120 433 +£ 170
ACTH (pg min mi—1) 14439 + 3900 32010 £+ 14000 14711 £ 7100 22443 4+ 8200 11896 + 6100
Adrenaline (pg min ml—") 12418 + 2500 33455 + 9200 11701 £ 4500 22324 + 6300 8169 + 3500

Noradrenaline (pg min ml—")

21478 + 12000

19209 + 4000

35258 + 12000

79578 + 26000

13552 +£4100

Values are mean =+ s.e.M. area over- or under- the curve. C1, n=10; PI50, n=9; C2, n=10; P140, n=9; L, n=6.

Response to maternal insulin infusion. The prevalence
of the HV fetal ECoG state increased during maternal
insulin infusion (P < 0.05, Table 3). There was no effect
of maternal dietary group on the prevalence of fetal HV
ECoG state (Table 3).
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Figure 2. Maternal and fetal blood glucose and lactate during
baseline and maternal insulin infusion

Values are means =+ s.t.M. (error bars are hidden within symbols if not
visible) for all ewes (®) and fetuses (0), both n = 44. *P < 0.05,

1P < 0.001 versus baseline average.

In all animals, fetal femoral artery vascular resistance
increased and femoral artery blood flow fell below
baseline during the maternal insulin infusion (Fig.5).
There was a transient rise, and then fall, compared to base-
line in fetal heart rate during maternal insulin infusion
(Fig. 5). Fetal mean arterial pressure, carotid blood flow
and carotid vascular resistance did not change from
baseline during maternal insulin infusion (Fig.5). The
magnitude of the fall in femoral artery blood flow and
heart rate were not different among maternal dietary
groups (Fig. 6). However, the time to maximum fall in
femoral artery flow was significantly less in PI50 than
C1 fetuses (P < 0.05, Fig. 6), and in PI40 than C2 fetuses
(P < 0.05, Fig. 6). At the time of maximum fall in femoral
blood flow, 51% of fetuses were in HV and of 49%
fetuses (all groups together) were in LV, and there was no
significant difference among groups (HV versus LV: C1,
33% versus 67%; PI50, 63% versus 38%; C2, 60% versus
40%; P140, 56% versus 44%; L, 40% versus 60%).

In all animals, adrenal (right) blood flow increased
(P<0.01, Table 3) and left liver arterial blood flow
decreased (P=0.01, Table 3) during maternal insulin
infusion. There was also a trend towards a fall in skin
blood flow (P=0.051, Table 3). In both study 1 and
study 2, there were no differences among the dietary
groups in organ blood flows during maternal insulin
infusion (Table 3). The time between the onset of maternal
insulin infusion and the injection of microspheres was
not significantly different among groups (C1, 80 & 3 min;
PI50, 77 & 3 min; C2, 78 &= 3 min; PI40, 84 & 4 min; L,
77 & 2 min).

Discussion

This study has demonstrated for the first time the ability
of the late gestation fetus to alter the distribution of
its combined ventricular output in response to acute
hypoglycaemia. The response is characterized by the
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J Physiol 587.3 Fetal cardiovascular control and undernutrition 617

diversion of blood supply away from the periphery,
an increase in adrenal blood flow and hormone
output, and a gradual fall in fetal heart rate. Although
peri-implantation nutrient restriction did not lead to a
sustained redistribution of organ blood supply in late
gestation, it did alter the response of the fetus to a
subsequent late gestation episode of acute hypoglycaemia.

Our finding of reduced femoral artery and hepatic blood
flows and increased adrenal blood flow during maternal
insulin infusion-induced fetal hypoglycaemia is consistent
with the previous association of low fetal blood glucose
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levels with low peripheral blood flow in late gestation
sheep (Gardner et al. 2002), and suggests that the fetus is
capable of redistributing its combined ventricular output
away from the periphery and towards more vital organs in
response to hypoglycaemia. Our observation of no effect
of hypoglycaemia on kidney blood flow is consistent with
recent findings that chronic fetal hypoglycaemia does not
alter kidney growth or function (Boyce et al. 2007). Our
findings are quite different from previous work in which
hypoglycaemia was induced by intrafetal insulin infusion.
This approach increased blood flow to the fetal heart and
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Figure 3. Fetal plasma hormones during baseline and maternal insulin infusion

Values are means + s.e.M. C1, n = 10; PI50, n =9; C2, n = 10; P40, n = 9; L, n = 6. ns, no significant difference;
nd, not determined. 1P < 0.01, £P < 0.001 versus baseline for all groups together. Measurements were made on
the filtrate of microsphere reference fetal blood samples during baseline and maternal insulin infusion.
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carcass (Milley, 1987; Stonestreet et al. 1996), and to the
gut, adrenal glands, kidney and hepatic artery (Stonestreet
et al. 1996), probably via the high circulating fetal insulin
levels with or without low fetal oxygen levels (Milley,
1987). In the present study maternal insulin infusion did
not reduce fetal oxygen levels and in fact reduced fetal
plasma insulin levels.

Our observation of augmented adrenal blood flow,
combined with raised plasma adrenaline and cortisol, in
fetuses during hypoglycaemia is consistent with a central
role for the adrenal glands in mediating the fetal cardio-
vascular response to hypoglycaemia (Harwell et al. 1990;
Cohen et al. 1991). Our finding that noradrenaline levels
did not change in the hypoglycaemic fetuses is similar
to previous observations of no change (Cohen et al.
1991), or only a small increase (Harwell et al. 1990), in
fetal noradrenline levels during maternal insulin infusion.
Transfer of maternal catecholamines and cortisol to the
fetus seems unlikely since these hormones do not readily
cross the placenta in sheep (Jones & Robinson, 1975;
Hennessy et al. 1982; Gu & Jones, 1986). Moreover, fetal
femoral artery blood flow began to fall before maternal
stress hormones were significantly elevated. In addition
fetal heart rate fell during the maternal insulin infusion
as observed clinically with severe maternal hypoglycaemia
(Kramer et al. 1995) and therefore additional mechanisms,
such as neural efferent pathways, may be involved (Boddy
et al. 1974; Giussani et al. 1993). The initial rise in
fetal heart rate at the onset of maternal insulin infusion
is consistent with observations of increased fetal heart
rate accelerations in humans during maternal hypo-
glycaemia possibly through increased sympathoadrenal
activity (Bjorklund ef al. 1996).

A coordinated cardiovascular response to a stimulus
necessitates a detector. Indeed our finding of a decrease in
femoral blood flow, increase in femoral vascular resistance
(calculated parameter), and decrease in heart rate (second
phase) during maternal insulin infusion, without a change
in mean arterial pressure, seems to support this concept.
This combination of outcomes appears to rule out a direct
causal link between altered heart rate and femoral blood
flow. The role of the carotid body is well established in
the rapid cardiovascular response to hypoxia (Giussani
et al. 1993; Giussani et al. 1996), and has also been shown
to respond to variations in glucose levels (Alvarez-Buylla
& Alvarez-Buylla, 1988; Pardal & Lopez-Barneo, 2002;
Nurse, 2005), and to participate in glucoregulation
(Alvarez-Buylla & de Alvarez-Buylla, 1994; Koyama et al.
2000) in adult animals. In the fetus, the carotid body

Figure 4. Maternal plasma hormones during baseline and
maternal insulin infusion

Values are means = s.e.m. for all ewes (n = 44). *P < 0.05, P < 0.001
versus baseline average.
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Table 3. Fetal organ blood flows and ECoG state
Baseline Hypoglycaemia
c1 PI50 (@ P140 L All c1 PI50 Q2 P140 L All
Organ blood flow (mL min~" (100 g)~")
Pancreas 89.6 90.2 57.8 74.3 81.9 78.0 84.6 72.7 47.2 94.1 62.6 723
+85 +£19.7 +7.2 +8.4 + 16.7 +5.7 +18.3 £ 14.1 +4.4 + 14.1 +13.2 +6.3
Right adrenal 493.8 438.0 393.4 711.1 527.3 510.1 488.6 479.9 487.7 1004.4 616.9 625.6
+705 +798 +£738 +1820 +1393 +56.2 +823 +856 +628 +280.5 +130.4 +78.87
Right kidney 185.1 216.2 200.7 231.7 240.7 212.3 177.6 196.1 194.8 257.4 203.6 206.8
+87 +£341 +£185 +215 + 33.1 +105 +156 +£33.3 +10.1 +26.9 + 16.7 + 10.6
Left liver 6.0 6.2 2.8 3.9 5.0 4.7 49 4.9 2.6 3.3 3.4 3.7
+ 1.2 +1.4 + 0.6 +0.7 + 1.6 + 0.5 +1.1 +1.3 + 0.5 +0.2 +0.8 + 0.4}
Right liver 5.8 49 2.9 4.3 4.8 4.6 5.3 4.6 2.9 4.2 3.5 4.0
+1.6 +1.2 + 0.5 +0.7 +1.9 +0.5 +11 +1.3 +0.4 + 0.6 + 0.9 +0.4
Left heart 243.9 276.5 2271 273.3 290.2 263.1 235.1 224.7 237.0 326.0 257.9 260.3
+298 +30.2 +88 + 30.3 +479 +119 +£129 +£382 +145 +51.8 + 249 + 14.2
Right heart 286.9 369.3 290.9 357.2 385.1 334.0 278.7 329.2 301.5 4457 338.4 345.6
+288 +£395 +£150 +£51.1 + 82.5 +190 +£250 +689 +220 +76.7 + 32.1 + 23.7
Left lung 126.9 161.8 145.0 96.2 105.7 127.6 145.2 177.4 132.7 166.9 127.2 150.5
+21.6 +444 +247 +275 +384 +14.0 +£257 +£579 +37.2 +473 +394 +18.3
Right lung 142.6 106.9 119.7 91.7 100.3 111.5 132.6 226.8 164.2 160.1 147.5 167.0
+239 +188 +£19.7 +27.1 +392 +11.1 £200 +574 +63.0 =414 + 375 +21.8
Skeletal Muscle  18.31 20.2 17.4 12.7 14.1 16.4 14.1 17.4 16.9 20.7 16.0 17.2
+3.4 +5.0 +4.2 +1.5 + 3.0 +1.7 +3.3 +24 +3.4 + 3.8 +29 +1.5
Brain stem 213.5 191.9 198.0 199.8 166.7 200.0 207.5 229.5 195.5 2171 153.9 202.9
+20.6 +158 +480 +299 +296 +141 +£125 +£298 +646 +34.0 +39.2 +17.7
Brain cortex 162.0 161.6 132.7 159.4 176.2 155.1 147.2 149.0 129.7 148.1 133.9 141.2
+175 +£193 +78 + 18.9 + 65.8 +9.8 +7.0 +£195 +146 +£11.3 +25.9 +6.7
Skin 753 83.1 55.7 55.6 57.7 63.8 61.5 59.1 49.5 61.4 55.2 57.0
+66 +£14.0 +3.7 +79 +2.0 + 3.7 +7.1 +6.4 +5.0 +6.9 +8.4 +29
Gut 125.9 129.0 85.3 95.9 124.0 110.3 117.8 126.6 90.1 127.7 122.7 115.8
+10.7 +273 +£5.1 +10.0 +126§ +68 £115 +196 +6.2 + 13.6 +12.2 + 6.1
Placenta 185.1 157.2 168.6 178.7 167.7 172.5 164.1 158.4 179.7 200.9 180.6 1771
+216 +£299 +£75 +15.4 +24.8 +89 +£251 +£23.1 +£10.2 159 +17.9 + 8.5
ECoG state (min hr~")
HV 27 27 26 29 24 27 29 35 28 38 27 35
+4 +3 +3 +1 +4 +1 +2 +4 +2 +3 +3 + 1%

Values are mean =+ s.e.M. HV; high voltage ECoG activity. *P < 0.05 versus baseline (all animals), {P < 0.01 versus baseline (all animals),

8P < 0.05 versus C2.

has been implicated in the control of differential organ
growth during undernutrition (Burrage et al. 2008). We
therefore speculate that a carotid body-mediated chemo-
reflex may be involved in the cardiovascular response
to hypoglycaemia. The fall in femoral blood flow and
heart rate observed here are slower than that which
occurs during hypoxia (Cohn et al. 1974; Boddy et al.
1974; Giussani ef al. 1993), although comparison between
different stimuli are problematic. It may be that glucose
levels must reach a threshold before femoral blood flow
or heart rate begin to fall or that other potential glucose
detectors such as the pancreas, brain (Mizuno & Oomura,
1984; Niijima ef al. 1988) or adrenal glands (Khalil et al.
1986) may be involved.

© 2009 The Authors. Journal compilation © 2009 The Physiological Society

Moderate (50%) late gestation maternal nutrient
restriction (104-127 dGA) did not produce any significant
blood glucose or cardiovascular response in the fetus
at 125-26 dGA. In Border—Leicester cross Merino sheep
50% undernutrition between 115 and 145 dGA reduced
fetal glucose levels (Edwards et al. 2001; Edwards &
McMillen, 2001) and elevated blood pressure measured
(115-125 and 125-145 dGA; Edwards & McMillen, 2001).
Thus, while our challenge overlapped with a time period
during which Edwards & McMillen (2001) observed
a rise in blood pressure (115-125dGA), it is possible
that fetal adaptations made to undernutrition prior to
this period in the present study (i.e. 104-115dGA)
prevented a rise in blood pressure at 125dGA. This
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Figure 5. Fetal cardiovascular response to maternal insulin infusion

For each variable, values are displayed as individual groups (lower panel, C1, green; PI50, yellow; C2, red; PI40,
blue; L, grey) and mean + s.e.m. for all fetuses (upper panel, n = 44). *P < 0.05, £P < 0.001 versus baseline
average. BPM, beats per minute.
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suggests that aside from breed differences, the timing
of the undernutrition challenge within late gestation
itself is important. Further work will be required to
determine whether this might be due to the timing of the
challenge in relation to the maturity of key endocrine axes
(e.g. the hypothalamo-pituitary-adrenal axis) or linked to
the maternal cortisol response to undernutrition. Here,
we observed no difference between groups in maternal
cortisol at 125 dGA, while Edwards & McMillen (2001)
observed elevated maternal cortisol between 115 and 125
but not 125 and 145 dGA. Our observation of unaltered
fetal plasma glucose and unaltered fetal cardiovascular
control during the late gestation challenge indirectly
supports the idea that fetal hypoglycaemia per se is
the signal that triggers such cardiovascular responses
(Edwards & McMillen, 2001); however, this cannot be
confirmed by the current study.

In the more severe (PI40) peri-implantation group,
fetal heart rate was elevated compared with the control
group. This is unlikely to be accounted for by increased
fetal body or breathing movements since there was no
difference between groups in the prevalence of HV-ECoG.
Elevated heart rate could reflect increased sympathetic
activity and/or altered vagal tone, although there was no
difference between groups in circulating catecholamine
levels. Peri-implantation gestation maternal nutrient
restriction did not alter organ blood flows in late gestation.
However, these fetuses appeared to be more responsive
to the late gestation hypoglycaemic challenge, since the
fall in femoral artery blood flow during hypoglycaemia
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occurred more quickly in both the PI50 and PI40
fetuses. Accordingly, previous studies observed augmented
cardiovascular responses to hypoxia (Hawkins et al.
2000a) and altered baroreflex control (Hawkins et al.
20000b) in late gestation fetuses following a milder (15%)
preconception to mid gestation maternal nutrient
restriction. In these studies, as in ours, the cardiovascular
effects were not associated with a change in fetal size. It
has been postulated that organisms can make predictive
adaptations, which do not necessarily confer immediate
advantage, but which nonetheless are advantageous in the
anticipated future environment (Gluckman & Hanson,
2004). Our study highlights one parameter but together
with previous work (Hawkins et al. 20005), it suggests that
the so-called ‘predictive adaptive’ concept may operate
within fetal life as well as between pre- and postnatal
life. In this instance, a better diversion of late gestation
blood flow away from the hindlimb skeletal muscle
potentially prioritizes delivery of nutrients to other more
vital organs. Sheep exposed to the same peri-implantation
undernutrition, but born into an adequate postnatal
environment, exhibited altered cardiovascular control in
adulthood (Gardner et al. 2004; Cleal et al. 2007). This
effect can be minimized when the nutritional mismatch
between pre- and postnatal life is minimized (Cleal et al.
2007). While not investigated here, potential underlying
mechanisms include epigenetic modification of genes
involved in nutrient detector or effector mechanisms
in the cardiovascular system, or specifically in vascular
development.
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Figure 6. Fetal cardiovascular responses to maternal insulin infusion: dietary group comparison
Values are means &+ s.e.m. C1, n=10; PI50, n=9; C2, n = 10; Pl40, n = 9; L, n = 6. HR, heart rate; FVR, femoral
vascular resistance; AOC, area over curve; AUC, area under curve; TTM, time to maximum response. *P < 0.05.
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In conclusion, this study supports a role for an acute
cardiovascular response to hypoglycaemia in the late
gestation fetuses, involving reduced blood supply to the
periphery and augmented supply to the adrenal glands,
and mediated in part by fetal adrenaline and cortisol
output. While targeted towards maximizing short-term
survival in poor intrauterine conditions this response may
alter organ (including vascular) growth and development
with important consequences for adult cardiovascular
and metabolic control. Our novel findings are extremely
important in understanding how the fetus responds to
undernutrition in utero and may inform future clinical
diagnostic measures (e.g. ultrasound measurements of
tissue perfusion in human fetuses) aimed at identifying
those at risk from cardiovascular disease in later
life.
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