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ABSTRACT

Epidemiologic studies have shown persistent effects of low
birth weight on respiratory function and lung health, but under-
lying mechanisms are not understood. Our aim was to determine
the effects of intrauterine growth restriction (IUGR), a major
cause of low birth weight, on postnatal respiratory function.
IUGR was induced by umbilico-placental embolization during
late gestation in chronically catheterized sheep. Umbilico-
placental embolization was performed between 120 d of gesta-
tion and term (~146 d) during which fetuses were hypoxemic and
hypoglycemic relative to controls. Umbilico-placental emboliza-
tion led to a 48% reduction in birth weight compared with
controls, and throughout the postnatal study period IUGR lambs
(n = 8) remained lighter than controls (n = 8). Respiratory
function was repeatedly studied in lambs for 8 wk after birth;
during this period, IUGR lambs were mildly hypoxemic and
tended to be hypercapnic compared with controls. In ITUGR
lambs, relative to controls, O, consumption (mL/min/kg) and
minute ventilation (mL/kg) were increased and pulmonary dif-
fusing capacity (adjusted for functional residual capacity) was
decreased. Functional residual capacity, measured by helium
dilution, and total lung capacity (measured at 30 cm H,O) were
smaller in I[UGR lambs than in controls. When adjusted for
functional residual capacity, static lung compliance was reduced
and chest wall compliance was increased in IUGR lambs. At 8

Restricted fetal growth, resulting in low birth weight, has
been associated with altered lung development and impaired
respiratory function after birth. Recent studies of neonates and
infants who have been growth restricted in utero indicate that
they have an increased risk of mortality and morbidity (1),
including respiratory distress (2, 3). Respiratory compromise
may persist during postnatal development as it has been shown
that children with evidence of growth restriction in ufero have
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wk, pulmonary DNA and protein concentrations were decreased
in IUGR lambs relative to controls. We conclude that restriction
of fetal growth by placental insufficiency induces alterations in
the lungs and chest wall that result in persistent impairments in
respiratory function during early postnatal life. (Pediatr Res 50:
641-649, 2001)

Abbreviations
BWt, body weight
C,, lung compliance
Crss compliance of the respiratory system
Cyy» chest wall compliance
CRL, crown-rump length
DLco, diffusing capacity of the lung for carbon monoxide
FRC, functional residual capacity
IUGR, intrauterine growth restriction
Paco,, arterial Pco,
pHa, arterial pH
Pao,, arterial Po,
Sao,, percent saturation of arterial blood with oxygen
SP, surfactant protein
TLC,,, total lung capacity at 30 cm H,O
UPE, umbilico-placental embolization

reduced forced expiratory flow rates (4, 5) indicative of im-
paired airway function. In addition, adults who were of low
birth weight and, therefore, likely to have been growth re-
stricted in utero, have reduced expiratory flow rates and an
increased risk of respiratory morbidity and mortality (6, 7).
Thus, a number of epidemiologic studies suggest that pulmo-
nary gas exchange and airway function after birth may be
affected by IUGR.

Placental insufficiency and IUGR are common causes of low
birth weight, and are associated with pregnancy-induced hy-
pertension, maternal tobacco smoking, and placental pathology
(8, 9). Fetuses identified as being growth restricted have been
found to be hypoxemic, hypoglycemic, and to have elevated
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plasma cortisol concentrations (10—12). Individually, each of
these factors has been shown to affect prenatal lung develop-
ment; elevated circulating cortisol concentrations have been
shown to advance lung maturation (13), whereas hypoxemia
(14) and undernutrition (15) have been shown to retard lung
maturation. However, to date, there appear to have been no
experimental studies on the consequences of [IUGR induced by
placental insufficiency on postnatal lung function. Thus, our
objective was to characterize alterations in postnatal lung
function, and their persistence, resulting from the restriction of
fetal growth. Our hypothesis was that placental insufficiency
and restricted fetal growth, coincident with the later stages of
fetal lung development, would cause persistent impairments of
lung function after birth.

We have chosen to induce IUGR in sheep during late
gestation by UPE as this technique replicates many of the
features of growth-restricted human fetuses, including hypox-
emia, hypoglycemia (11), and hypercortisolemia (12). Further-
more, many of the metabolic, cardiovascular, and endocrine
effects of UPE in ovine pregnancy have been documented
(16—18). The period of IUGR that we used, 120 d of gestation
to term, coincides with the alveolar stage of lung development
in sheep (19). To gain a greater understanding of the persis-
tence of effects on respiratory function we have made repeated
studies of the same postnatal animals until 8 wk after birth,
when lung tissue was collected for analysis of factors likely to
affect lung function. We also measured surfactant proteins as
they have not previously been measured in postnatal animals
after [IUGR.

MATERIALS AND METHODS

Surgical procedures. Aseptic surgery was performed on 12
pregnant crossbred ewes at 115 = 1 d (mean * SD) after
mating (term ~146 d). Under general anesthesia (1.5-2% halo-
thane in O,), the maternal abdominal wall and uterus were
incised to expose the fetal hindquarters. Polyvinyl catheters
were inserted into a fetal femoral artery and vein. The arterial
catheter was inserted approximately 6—7cm such that its tip lay
in the abdominal aorta below the renal arteries; this catheter
was used for blood sampling and injection of microspheres for
placental embolization (18). The venous catheter was used for
administration of drugs before and after birth. Catheters were
tunneled beneath the fetal skin, emerging over the rump to
which they were sutured. A polyvinyl catheter was inserted
into the amniotic sac so that amniotic fluid pressure could be
measured for the detection of labor. We administered procaine
penicillin and dihydrostreptomycin (Depomycin; Intervet, Syd-
ney, NSW, Australia) to the fetus before the uterus was sutured
closed. Stainless steel electrodes were sutured to the myome-
trium to monitor the uterine electromyogram (EMG) during
labor. After surgery, sheep were housed in individual cages
with 12-h light (07.00—-19.00) and dark cycles.

Experimental protocol. Animals were allowed 3-5 d of
postsurgical recovery before embolization began. Emboliza-
tion was induced in eight fetuses (six twins, two singletons)
from 120 d of gestation until the onset of labor. Control fetuses
(all singletons) received either saline injections (# = 6) or no
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fetal surgery (n = 2). To induce UPE, insoluble mucopolysac-
charide microspheres (Sephadex G25, Pharmacia, Uppsala,
Sweden, 40—75 wm) were suspended at 1% wt/vol in heparin-
ized saline with 0.02% Tween 80, such that 1 mL of solution
contained approximately 10° microspheres. Daily injections of
microspheres were made until the fetal arterial Hb saturation
(Sao,) fell to 25-35% (18). Fetal arterial blood samples were
taken daily for the measurement of gas tensions and pH, and
glucose and lactate concentrations. Fetal plasma was collected
every 3—4 d, at least 2 h after UPE, for analysis of cortisol
concentrations. Daily UPE and blood sampling continued until
the onset of labor. These studies were performed after institu-
tional ethical approval had been obtained.

Birth of lambs. All lambs used in this study were born
spontaneously per vaginum at term; lambs born preterm (<140
d) were excluded. Uterine activity was monitored from 140 d
of gestation by continuously recording myometrial EMG ac-
tivity and/or amniotic fluid pressure. When labor was detected,
fetal catheters were shortened and obstructed and retaining
sutures removed, allowing free passage of catheters with the
lamb during birth. When in labor, ewes were closely monitored
until lambs were born, delivery being assisted if necessary.
Immediately after birth, lambs were weighed, an arterial blood
sample taken, and rectal temperature measured. Lambs were
closely monitored for at least the first 24 h to ensure that they
had consumed colostrum and were feeding regularly, and that
their rectal temperatures were within the normal range. All
lambs were raised by their mothers but, if necessary, they were
provided with formula milk suitable for lambs.

Measurement of respiratory function. Lambs were re-
moved from their mothers, weighed, and studied while lying
prone in a sling at 3.2 = 1.1 d (0.5 wk), 7.5 = 0.9 d (1 wk),
154 = 1.8d (2 wk),27.9 = 1.8 d (4 wk), and 53.8 £ 2.4 d (8
wk) after birth. The techniques we used have been described in
detail previously (20), and only a brief outline is given here.
Before each lung function study, arterial blood samples were
taken for analysis of gas tensions, pH, glucose and lactate
concentrations, and cortisol concentrations; lambs were
weighed and CRL measured. Lambs were then sedated with
either Saffan (a mixture of alphaxalone, 90 mg/h, and alphado-
lone, 30 mg/h, Pitman Moore, Sydney, NSW, Australia, i.v.) or
pentobarbital (Nembutal, Rhone Merieux, Brisbane, Qld, Aus-
tralia, 5-15 mg/kg/h i.v.) so that they could be intubated for
performance of lung function tests (20); sedation was an ethical
requirement for intubation. Lambs were sedated with Saffan
when they weighed less than 89 kg, after which they received
pentobarbital.

Ventilation and oxygen consumption. Tidal volume, minute
ventilation, and breathing frequency were recorded digitally
(MacLab, ADI, Sydney, NSW, Australia) using a pneumota-
chograph attached to the endotracheal tube. Oxygen consump-
tion was measured while lambs breathed from a sealed spirom-
eter containing O,. Measurements were made for
approximately 30 min from each animal.

Gas volumes and diffusing capacity. FRC and DLco were
measured, respectively, by helium dilution and by a carbon
monoxide rebreathing method (21); FRC was measured once
per study day, and DLco was measured three times, and the
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mean taken. TLC;, was calculated as the sum of FRC and
expiratory volume following inflation of the lungs to 30 cm
H,0. The expired volume was measured while lambs were
apneic following a short period of hyperventilation; the lungs
were inflated to 30 cm H,O and then allowed to deflate
passively to FRC into a spirometer (20, 22).

Lung and chest wall compliances. Static compliances of the
respiratory system were obtained during apnea from measure-
ments of increments in lung volume when the lungs were
exposed to an airway pressure of 30 cm H,O. Intrapleural
pressure was measured using a latex intraesophageal balloon,
allowing Crg to be partitioned into C; and Cy, (20, 22). We
expressed compliances in relation to FRC.

Postmortem tissue analysis at 8 wk. At the end of the 8-wk
postnatal study period, lambs were painlessly killed with an
overdose of pentobarbital sodium (i.v.). Major organs were
weighed and, after ligating the left bronchus, portions of the
left lung were snap frozen in liquid N, and stored at —70°C for
molecular and biochemical analysis. The right lung was in-
fused with paraformaldehyde at 20 cm H,O for histologic
analysis (23).

Surfactant protein analyses. SP-A, -B, and -C mRNA levels
were quantified by Northern blot analysis, on separate blots
and were repeated at least twice (24). We used ovine specific
SP-A, -B and -C ¢cDNA probes labeled with **P-dCTP using a
random-priming labeling kit and quantified by exposure to a
storage phosphor screen for 24—48 h (24). The amount of RNA
loading between lanes was standardized by stripping and re-
hybridizing the membranes with a **P-labeled probe for 18S
rRNA. The relative amounts of each surfactant protein and 18S
rRNA were quantified by densitometry and SP-A, -B, and -C
mRNA levels were expressed as ratios with 18S rRNA levels.

SP-A protein levels in lung tissue were measured by West-
ern blot analysis (24). Proteins extracted from lung tissue
(200-300 mg) were denatured and separated by SDS-PAGE
and then transferred to a nitrocellulose membrane by electro-
transfer. The membrane was washed and incubated with ovine
SP-A antibody (donated by Dr. S. Hawgood, University of
California San Francisco), before it was again washed and then
incubated with the secondary antibody (goat anti-rabbit IgG).
The washed membrane was exposed to chemiluminescence
reagents and exposed to film. The autoradiograph was scanned
to measure densities of the SP-A protein bands.

DNA, protein, and cortisol assays. Pulmonary DNA and
soluble protein concentrations were determined using, respec-
tively, an established fluorometric DNA assay (25) and a
standard colorimetric protein assay (Bio-Rad, Hercules, CA,
U.S.A.). Protein standards were prepared using BSA (A-7888,
Sigma Chemical, St. Louis, MO, U.S.A.) made up as a 100
ng/mL solution with distilled water and diluted to give con-
centrations of 6.25-100 wg/mL. Plasma cortisol concentrations
were determined using an established RIA (26).

Statistical analysis. Data are presented as mean * SD. Fetal
and postnatal blood data, ventilation, oxygen consumption, gas
volumes, DLco, and respiratory compliances were analyzed by
two-way repeated measures ANOVA (treatment and age as
factors). Significant differences between means were identified
with a posthoc least significant difference test at p < 0.05 (27).
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To determine the most appropriate adjustment factor for lung
volume data, we performed stepwise multiple linear regression
analysis, with independent variables being body weight, CRL,
and treatment group (IUGR). Data on body and organ weights,
surfactant proteins and pulmonary DNA and protein concen-
trations were analyzed by unpaired ¢ tests; statistical signifi-
cance was taken as p < 0.05.

RESULTS

Fetal blood data. Throughout the UPE period, [UGR fetuses
remained hypoxemic compared with controls (Fig. 1, Table 1).
Compared with control fetuses, Paco, was higher in [UGR
fetuses, and pH was slightly lower close to term; Hb concen-
trations were not significantly altered (Table 1). Arterial glu-
cose concentrations in I[UGR fetuses were lower than in con-
trols (0.5 = 0.3 versus 0.8 = 0.2 mmol/L, Fig. 1). Blood lactate
concentrations did not differ between groups (Table 1). Plasma
cortisol concentrations increased in both IUGR and control
fetuses during late gestation, reaching similar levels before the
onset of labor (Fig. 1).

Postnatal growth. Lambs subjected to UPE were born 2 d
earlier than controls (145 = 2 d versus 147 = 2 d, p < 0.05)
and weighed 48% less than controls (2.5 = 0.7 kg versus 4.8 =
1.0 kg, p < 0.05). IUGR lambs were lighter (Fig. 2) and CRL
was shorter than controls throughout the 8-wk postnatal period.
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Figure 1. Arterial oxygen saturation and concentrations of glucose and

cortisol during the period of UPE in fetuses that were later studied as postnatal
lambs. The period of UPE began at 120 d of gestation. Data (mean = SD) from
IUGR fetuses are shown by O; @ show data from control fetuses. [TUGR
fetuses became hypoxemic and hypoglycemic during the period of UPE (p <
0.05). In both groups of fetuses, plasma cortisol concentrations increased
toward term but there was no significant effect of UPE. Where SD bars cannot
be seen, they fall within the symbols.
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Table 1. Measurements (mean * SD) made in arterial blood from control (n = 6) and IUGR (n = §) fetuses during umbilico-placental
embolization (UPE) from 120 d of gestation until the onset of labor at term

119d 130 d 140 d Term (~146 d)
Pao, (mm Hg) Control 21.1 £2.6 204 £ 1.8 20.1 = 1.6 209 £29
IUGR 189 1.7 13.0 £ 1.6* 10.7 = 3.6* 142 £ 2.8*
Paco, (mm Hg) Control 458 £3.5 50.6 2.2 454 £ 4.0 469 = 4.8
IUGR 474 = 3.2% 51.7 = 3.5% 52.1 = 4.2% 50.1 = 4.7*
pHa Control 7.34 £ 0.05 7.36 £ 0.03 7.39 = 0.03 7.37 £ 0.02
IUGR 7.38 =£0.02 7.36 = 0.01 7.36 = 0.02 7.31 = 0.03*
Hemoglobin (g/dL) Control 10.7 = 0.9 119 £ 1.0 11.8 £ 1.0 13214
IUGR 9823 125 £ 1.6 13.1 1.7 135+ 1.8
Lactate (mmol/L) Control 0.8 £ 0.1 0.8 = 0.1 1.0 £0.2 1.0 +0.2
IUGR 0.7 0.1 09 +0.2 0.8 £0.2 0.7+0.2

Data at 119 d preceded the onset of UPE. Asterisks (*) indicate differences between groups (p < 0.05).

25 - Table 2. Body dimensions and lung function data (mean = SD) in
postnatal control (n = 8) and IUGR (n = §) lambs as measured at
8 wk after birth
20 - Control IUGR
) Body weight (kg) 17.8 = 3.4 10.9 = 3.4*
X Crown rump length (cm) 88.0 = 4.9 80.4 = 4.4*
£ 15 4 Ponderal index (g/cm® X 10°) 2.60 * 0.32 2.29 * 0.39
2 TLC;, (mL) 841.1 = 1343 559.4 = 146.4*
g FRC (mL) 378.9 = 63.0 308.9 = 64.6*
2z Crs (mL/cm H,0) 15.1 * 3.1 9.0 = 2.6%
8 104 Cy (mL/cm H,0) 295+ 8.0 31.8 * 18.5
< C, (mL/cm H,0) 348 £ 123 15.2 = 8.9%
DL¢o (mL/min/mm Hg) 4.53 = 01.35 324 £1.53
5 Ventilation (L/min) 3.36 £ 0.43 2.46 = 0.21*
Breathing frequency (breaths/min) 34.6 £ 6.45 384114
Tidal volume (mL) 98.5 £ 31.7 66.8 = 16.27*
0 Oxygen consumption (mL/min) 139.9 =413 1159 =413
T T T T T T 1

Birth 10 20 30 40 50 60
postnatal age (days)

Figure 2. Body weights of [IUGR (O) and control (@) lambs during the first
8 postnatal weeks. IUGR lambs weighed less than control lambs throughout
the 8-wk study period (p < 0.05). Where SD bars cannot be seen, they fall
within the symbols.

The daily increments in body weight of [UGR lambs were less
than those of controls (169 = 49 versus 274 = 34 g/d, p <
0.01); however, in [UGR lambs, compared with controls, there
was a significantly greater increase in body weight relative to
birth weight during the 8-wk period (438 = 63% versus 369 =
31%, p = 0.01). However, at 8 wk, IUGR lambs remained
lighter than controls (Table 2). At birth, the ponderal index was
lower in IUGR lambs than in controls (2.3 = 0.3 versus 3.1 =
0.4 kg/cm® X 107>, p < 0.05), supported by their wasted
appearance, but at 8 wk it was not significantly different
between groups (Table 2).

Postnatal blood data. After birth, and in the absence of
sedation, Pao, was lower in [IUGR lambs than in controls (p <
0.05), particularly during the first 3 wk; however, Sao, did not
differ between groups (Fig. 3). Paco, tended to be higher in
IUGR lambs than in controls (41.4 * 1.9 mm Hg versus
39.7 = 1.7 mm Hg, p = 0.08) whereas arterial pH (7.40 =
0.01) was not different between groups. There were no differ-
ences in blood glucose (4.4 = 0.5 mmol/L) and lactate (0.9 =
0.2 mmol/L) concentrations between IUGR and control lambs.

Asterisks (*) indicate differences between groups (p < 0.05), when analyzed
by the unpaired ¢ test.

Ventilation and oxygen consumption. Over the 8-wk study
period (i.e. 3 d to 8 wk), minute ventilation adjusted for body
weight was greater in [UGR lambs than in controls (375 = 65
versus 274 £ 52 mL/min/kg, p < 0.01, Fig. 4). Over the same
period, mean breathing frequency was greater in [UGR lambs
than in controls (52.4 = 8.4 versus 43.6 £ 7.2 breaths/min,
p < 0.05), whereas their tidal volume was not different to
values in controls (7.2 = 1.2 versus 6.3 = 1.0 mL/kg).

Throughout the 8 postnatal weeks, O, consumption (mL/
min) was lower in [IUGR lambs than in controls (77.6 £ 17.2
versus 110.7 £ 31.8 mL/min). However, when expressed in
relation to body weight, O, consumption was greater in [UGR
lambs than in controls (12.8 * 4.0 versus 10.8 = 2.2
mL/min/kg).

Pulmonary gas volumes. Data on FRC and TLC,, for
individual animals at 1 and 8 wk, related to body weight, are
shown in Figure 5. Linear regression analysis of lung volume
data showed that FRC and TLC;, were significantly correlated
with body weight. Multiple linear regression analysis showed
that, at 1 wk, FRC (p = 0.001, * = 0.83) and TLC,, (p =
0.001, 7 = 0.89) were significantly related to body weight; at
8 wk TLC5, (p = 0.001, 7* = 0.74) was significantly related to
body weight.

FRC (unadjusted values, mL) was significantly lower in
IUGR lambs than in controls over the 8-wk study period (Fig.
64). When adjusted for body weight (Fig. 6B), FRC was
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Figure 3. Arterial blood gas tensions and pH (pHa) in postnatal [UGR (O)
and control (@) lambs when unsedated. Pao, was lower in IUGR lambs than
in controls (p < 0.05) and Paco, tended to be higher (p = 0.08). Sao,, and pHa
were not different between groups. Where SD bars cannot be seen, they fall
within the symbols.

greater in [UGR lambs than in controls (27.7 = 3.5 versus 23.7
* 3.8 mL/kg). TLC measured at 30 cm H,O (unadjusted
values) was significantly lower in ITUGR lambs than in con-
trols. When adjusted for body weight, values for TLC;, were
greater in [UGR lambs than in controls (57.2 = 4.3 versus 50.4
* 5.5 mL/kg, p < 0.05).

Pulmonary diffusing capacity. DLco (unadjusted) was
lower in IUGR lambs than in controls throughout the 8-wk
study period (1.55 = 0.73 versus 2.95 = 0.76 mL/min/mm Hg,
Fig. 74). When expressed in relation to lung volume (FRC),
DLco remained lower in IUGR lambs over this period (0.008
* 0.003 versus 0.012 = 0.002 mL/min/mm Hg/mL, Fig. 7B).

Respiratory compliances. Cyg, expressed as unadjusted val-
ues (mL/cm H,0), was significantly lower in [UGR lambs than
controls. When Crg was adjusted for FRC, it was significantly
lower in IUGR lambs than in controls at 4 and 8 wk (Fig. 84).
Unadjusted values of C,, were not different between groups;
however, when adjusted for FRC, Cy, was greater (p < 0.05)
in IUGR lambs (Fig. 8B). C,, expressed as unadjusted values
(mL/cm H,0), was significantly lower in [UGR lambs; when
C, was adjusted for FRC, it was also significantly lower (p <
0.05) in IUGR lambs than in controls (Fig. 8C).
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Figure 4. Minute ventilation (¥, mL/min/kg body weight) and its compo-
nents, breathing frequency (f, breaths/min) and tidal volume (77, mL/kg body
weight) in [UGR (O) and control (@) lambs during the first 8 postnatal weeks.
Minute ventilation of IUGR lambs was greater than in controls, largely due to
a greater breathing frequency. Where SD bars cannot be seen, they fall within
the symbols.
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Figure 5. Values of FRC and TLC;j, in relation to body weight in individual
TUGR lambs (O) and control lambs (@) at 1 and 8 wk after birth. See text for
details.

Lung function data at 8 wk. Data relating to lung func-
tion (unadjusted values), together with data on body weight
and dimensions, in IUGR and controls lambs at 8 wk after
birth are presented in Table 2. At 8 wk, both FRC and TLC;,,
were smaller in [IUGR lambs than in controls. Both Crg and
C; were also lower in [UGR lambs than in controls at 8 wk,
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Figure 7. DLco in IUGR (O) and control (@) lambs. Unadjusted values (4)
increased with age in both groups of lambs but were lower in [IUGR lambs than
in controls (p < 0.01). When values were adjusted for FRC (B), they were
significantly lower in [IUGR lambs than in controls (p < 0.05). Where SD bars
cannot be seen, they fall within the symbols.

whereas Cy, was not different. Unadjusted values of minute
ventilation and tidal volume were lower at 8 wk in [UGR
lambs compared with controls, but breathing frequency was
not different (Table 2).

Lung weights and composition. Wet lung weights of [IUGR
lambs at 8 wk tended to be lower than those of controls, but
values were not different when adjusted for body weight (Table
3). Dry lung weights were 29% lower in [IUGR lambs than in
controls but were not different when adjusted for body weight.
The percentage water content of the lungs was not different
between IUGR and control lambs. Pulmonary DNA concen-
trations were 9% lower and pulmonary protein concentrations

Birth 10 20 30 40 50 60
postnatal age (days)

Figure 8. Static compliances of (4) respiratory system (Cgg), (B) chest wall
(Cy)s, and (C) lungs (C;) in IUGR (O) and control (@) lambs, when adjusted
for FRC. Cr¢/FRC was significantly lower in IUGR lambs than in controls at
4 and 8 wk (¥p < 0.05). Cy,/FRC was greater in [UGR lambs than in controls
throughout the 8 week period (p < 0.05) whereas C; /FRC was significantly
lower in TUGR lambs compared with controls (p < 0.05). Where SD bars
cannot be seen, they fall within the symbol.

Table 3. Measurements (mean *= SD) made from the lungs of
control (n = 7) and IUGR (n = 8) lambs at 8 wk after birth

Control IUGR

Wet lung weight (g) 2313 =492 181.3 = 56.3F
Wet lung weight (g/’kg BWt) 13.1 £1.5 172 £7.7
Dry lung weight (g) 455*+69 322 = 13.1*
Dry lung weight (g/kg BWt) 2.6+£0.3 2.9 *0.8
Water content of lungs (%) 80.1 = 2.1 823 +32
Lung DNA concentration (mg/g lung) 6.4 £ 0.38 5.8 £0.33*
Total lung DNA content (g) 1.4+03 1.0 = 0.3*
Total lung DNA content (mg/kg BWt) 85.5+93 81.8 = 16.1
Lung protein concentration (mg/g lung) 135.3 = 14.6 119.3 = 9.3*
Total lung protein content (g) 299 £49 21.2 £ 7.8%
Total lung protein content (g’kg BWt) 1.8 = 0.07 1.7+04
DNA/protein ratio 0.05 = 0.005 0.05 = 0.007

Asterisks (*) indicate differences between groups (p < 0.05). +p = 0.09.
BWt, body weight.

were 12% lower in IUGR lambs than in controls (both p <
0.05). The ratio of DNA and protein concentrations was not
different between groups.

Lung surfactant proteins. Pulmonary tissue concentrations
of SP-A tended to be higher in [IUGR lambs compared with
controls (7.9 = 1.0 versus 6.0 = 1.9 arbitrary units, p = 0.07).
There were no differences in SP-A or SP-C mRNA levels
between IUGR and control lambs. However, SP-B mRNA
levels were higher in IUGR lambs compared with controls (8.5
* 2.4 versus 5.9 = 0.7 arbitrary units).
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DISCUSSION

This study has shown that restriction of placental function
during the last 25 d (0.18) of ovine gestation inhibits fetal
growth but allows the birth of mature lambs near term. It is
apparent that the [IUGR induced by chronic placental insuffi-
ciency alters the development of the lung and chest wall
without restricting growth of lung tissue in relation to body
weight. By making serial measurements in the same postnatal
animals, we have shown that IUGR adversely affects respira-
tory function for up to 8 wk after birth. It is likely that some of
the changes we observed may persist beyond the 8-wk duration
of this study owing to the limited ability of the lung to recover
from early developmental deficits (28—31). Our findings in
sheep are consistent with evidence of impaired respiratory
function in infants and children following I[UGR (2-5) and
maternal smoking during pregnancy (32, 33), a major cause of
IUGR.

Blood gases and gas exchange. Apart from being mildly
hypoxemic and having a tendency toward CO, retention, post-
natal JUGR lambs had a similar acid-base status to control
lambs. During the first postnatal week there were opposing
differences between Pao, and Sao, values, with Pao, being
lower and Sao, tending to be the same or higher than in
controls; this indicates that during the early postnatal period the
relationship between Pao, and Sao, may have been altered due
to a left shift in the Hb—O, dissociation curve that could have
been caused by a persistence of fetal Hb in IUGR lambs. It is
likely that the lower DLco (FRC adjusted) measured during the
first 4 postnatal weeks was the reason for the relative hypox-
emia observed during this period.

Ventilation and O, consumption. Minute ventilation, when
adjusted for body weight, was greater in [UGR lambs than in
controls throughout the 8-wk postnatal period, largely due to a
greater breathing frequency. We also found that [UGR lambs
had higher levels of O, consumption (mL/kg). An elevation in
ventilation may be expected in animals with increased rates of
O, consumption owing to the increased requirement for alve-
olar gas exchange. It is well established that small animals
have a greater metabolic rate in relation to body mass than
larger animals (34). The increased weight-adjusted ventilation
and rate of O, consumption could be a result of altered body
composition of [IUGR lambs (i.e. if the proportion of metabol-
ically active to nonmetabolically active components of body
mass was greater than in control lambs). It is also possible that
the ratio of body surface area to volume is altered in [TUGR
lambs (which may also have had reduced wool growth), favor-
ing heat loss and hence an increase in weight-adjusted meta-
bolic rate and ventilation. Furthermore, a reduction in ventila-
tory efficiency owing to the observed reduction in lung
compliance and increase in chest wall compliance could have
increased the work of breathing and hence O, consumption.

Lung growth. There was no evidence from our measure-
ments of lung volumes that, at birth, the lungs of [TUGR lambs
differed from those of control lambs, when values were related
to body weight. This concurs with our earlier observation that
there was no evidence of altered fetal lung liquid volume or
lung hypoplasia (i.e. reduced cell number or weight of lungs
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per kg of body weight) in near-term fetal sheep following 20 d
of placental embolization (35).

At 8 wk, there was still no evidence that the lungs of [UGR
lambs were hypoplastic, as lung weights (wet and dry) and
pulmonary DNA and protein contents were appropriate for
body weight. However, analysis of lung tissue at 8 wk showed
that cellularity was apparently altered in IUGR lambs as
pulmonary DNA and protein concentrations were lower than in
control lungs. These differences could have been caused by an
increase in pulmonary water content in [UGR lambs, but this
was found not to be the case. It is possible that the amount of
insoluble structural proteins (i.e. extracellular matrix proteins),
which would not have been measured in our protein assay, was
increased in the lungs of [IUGR lambs; such an increase, in the
presence of normal lung tissue weights, could explain the
reduced DNA and protein concentrations. This possibility is
supported by the tendency for dry lung weight (adjusted for
body weight) to increase in [UGR lambs whereas body weight
adjusted DNA and protein contents of the lungs were reduced.
Furthermore, morphometric analysis of the lungs at 8 wk (23)
indicates that alveolar septa and blood-air barriers were thicker
in the lungs of IUGR lambs than in controls.

Pulmonary gas volumes (FRC and TLC;,) were smaller in
IUGR lambs compared with controls, presumably due to their
smaller body dimensions. When adjusted for body weight,
however, both gas volumes were greater in [UGR lambs, which
is surprising as the lungs of [IUGR lambs were less compliant
than those of controls. The apparent increases may have been
due to the tendency for the lungs of IUGR lambs to weigh
more, in relation to body weight. In addition, FRC/BWt may
have been increased as a result of an elevated breathing
frequency.

Respiratory compliances. The static compliance of the re-
spiratory system (Cgrg) was lower in IUGR lambs than in
controls, but this was apparently due to their smaller size; when
adjusted for functional lung size (FRC), the differences were
reduced. Although Crg was unchanged by IUGR, there were
opposing differences in the relative contributions from the lung
and chest wall. That is, C; adjusted for FRC was reduced in
IUGR lambs, indicating increased lung stiffness; a similar trend
was apparent when C; was adjusted for body weight. Con-
versely, Cy, adjusted for FRC (or body weight) was greater in
IUGR lambs, indicating that chest wall rigidity was lower than
in controls. Thus, throughout their first 8 postnatal weeks, our
IUGR lambs showed evidence of having relatively stiff lungs
in a relatively compliant chest wall. This combination, sugges-
tive of ventilatory inefficiency, may have increased the work of
breathing of [UGR lambs, contributing to their increased rate
of O, consumption.

It is not clear at present why the lungs of [UGR lambs were
relatively stiff, although it has been shown that lung develop-
ment can be affected by nutritional restriction (36, 37). Surfac-
tant deficiency was apparently not involved. Our measure-
ments of normal or elevated surfactant protein levels both
before birth (35) and at 8 wk after birth (this study) do not
support the existence of surfactant deficiency in [UGR lambs
during the postnatal study period. Altered pulmonary DNA
concentrations in the fetus at 140 d of gestation (35) and at 8
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wk after birth (this study), as well as our morphometric obser-
vations (23) suggest that the lung parenchyma may be struc-
turally altered by IUGR. It is also possible that the deposition
of structural proteins such as elastin and collagen may have
been altered in [UGR lambs as undernutrition in developing
rats has been shown to reduce pulmonary concentrations of
connective tissue proteins including elastin (38).

At present, we have no explanation for the observed increase
in SP-B expression and for the tendency for pulmonary SP-A
content to increase. It is possible that these changes may have
been a response to reduced lung compliance, but potential
mechanisms are not apparent.

The increase in Cyy after IUGR could be a result of alter-
ations in the structure of the rib cage, diaphragm, or abdominal
wall resulting from prenatal nutrient restriction. For example, it
is possible that altered bone mineralization, which is known to
be a consequence of [UGR (39), could have made the ribs more
compliant. Whatever the causes of the increase in Cy, the
effects were still evident at 8 wk and likely would have
persisted beyond this age.

Mechanism of action of IUGR on lung development. 1t is
now well established that intrauterine conditions to which the
fetus is exposed during placental insufficiency, principally
undernutrition, hypoxemia, and elevated blood levels of corti-
costeroids, can each affect lung development but in differing
ways. Studies of developing animals have shown that both
prenatal and early postnatal undernutrition can result in alter-
ations in lung structure and function (15, 36, 37); respiratory
muscle development can also be affected by undernutrition
(40). In the rat it has been shown that IUGR reduces glucose
transport to the lungs (41) and this could impair their devel-
opment. Thus, it is possible that the effects of IUGR on the
lungs are attributable, at least in part, to fetal undernutrition.

Chronic exposure to hypoxia (14, 42) has also been shown to
affect lung development. It is possible that, in the presence of
the hypoxemia associated with [IUGR, pulmonary O, delivery
is greatly reduced owing to a hypoxemia-induced reduction in
pulmonary blood flow (43). It is of interest, however, that
prolonged hypobaric hypoxia did not affect lung growth in the
ovine fetus (44).

An altered endocrine environment, as seen in fetuses ex-
posed to IUGR, could also play a role in altering lung devel-
opment. An increase in circulating cortisol levels that has been
observed in the growth restricted fetus (10, 45) could impact
upon formation of alveoli, as elevated glucocorticoid levels in
developing rats have this effect (46, 47). However, in our
study, there was no evidence of elevated cortisol levels in
IUGR lambs. In other studies, fetal growth restriction has been
associated with a reduction in circulating levels of IGF and
insulin, which could affect lung development (48).

Of necessity, many of our respiratory measurements were
made while the animals were sedated and intubated, and it is
possible that these conditions may have altered some of the
values obtained, in particular absolute values of ventilation, O,
consumption, and possibly pulmonary gas volumes. However,
both groups were treated similarly, and differences observed
between groups and with age likely reflect physiologic differ-
ences that would be present in unsedated animals.
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Human correlates. Our study may help explain why [UGR
increases the risk for impaired respiratory function in infants,
children and adults (2-5, 49). It may also help explain why
maternal cigarette smoking, a common cause of [UGR, leads to
altered lung function in offspring (32, 33). We used a severe
model of late gestational [IUGR to maximize the effects on lung
development; the degree of growth restriction of our ITUGR
lambs may have been greater than in most cases of human
IUGR. Twin lambs were included in the TUGR group to
enhance the effects of embolization; in these animals, JUGR
would have been partially due to reduced placental function
associated with twin pregnancies. In this study, we have not
assessed airway function, which can be a major cause of
altered lung function. It is likely that [UGR impairs airway
development, and we have recently found that the walls of
larger airways, relative to their circumference, are thinner in
TUGR ovine fetuses near term (50).

CONCLUSIONS

We have shown that [UGR induced during late gestation by
chronic placental insufficiency results in persistent detrimental
effects on respiratory function after birth. [UGR was followed
by a postnatal reduction in pulmonary diffusing capacity, mild
hypoxemia, and increases in metabolic rate and ventilation
relative to body weight. Lung and chest wall mechanics were
also affected. The persistent decrease in lung compliance could
be due to alterations in lung structure induced by impaired fetal
nutrition and/or hypoxemia. The observed reduction in chest
wall stiffness in lambs following IUGR could also be attribut-
able to impaired fetal nutrition (e.g. reduced calcium availabil-
ity) and/or hypoxemia during fetal life, affecting the composi-
tion of the rib cage or the diaphragm. In combination, a
reduced lung compliance and increased chest wall compliance
would be expected to impair ventilatory efficiency. It remains
to be established whether the observed alterations in lung and
chest wall function persist further into postnatal life and
whether they could explain altered respiratory function ob-
served in human subjects whose growth was restricted in utero.
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