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Most individuals whose growth was restricted before birth undergo accelerated or catch-up neonatal growth. This is an independent risk factor for
later metabolic disease, but the underlying mechanisms are poorly understood. This study aimed to test the hypothesis that natural and
experimentally induced in utero growth restriction increase neonatal appetite and milk intake. Control (CON) and placentally restricted (PR) ewes
carrying multiple fetuses delivered naturally at term. Outcomes were compared between CON (n = 14) and PR (n = 12) progeny and within
twin lamb pairs. Lamb milk intake and feeding behaviour and ewe milk composition were determined using a modified weigh-suckle-weigh
procedure on days 15 and 23. PR lambs tended to have lower birth weights than CON (−15%, P = 0.052). Neonatal growth rates were similar in
CON and PR, whilst heavier twins grew faster in absolute but not fractional terms than their co-twins. At day 23, milk protein content was higher
in PR than CON ewes (P = 0.038). At day 15, PR lambs had fewer suckling bouts than CON lambs and in females light twins had more suckling
attempts than their heavier co-twins. Birth weight differences between twins positively predicted differences in milk intakes. Lactational constraint
and natural prenatal growth restriction in twins may explain the similar milk intakes in CON and PR. Within twin comparisons support the
hypothesis that prenatal constraint increases lamb appetite, although this did not increase milk intake. We suggest that future mechanistic studies
of catch-up growth be performed in singletons and be powered to assess effects in each sex.
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Introduction

Intrauterine growth restriction (IUGR), defined as a failure of
the fetus to achieve its genetic growth potential,1 affects 6–12%
of births globally.2 In developed countries, the major cause of
IUGR is placental insufficiency, which limits the supply of
nutrients and oxygen to the developing fetus and thus restricts
fetal growth.3 The majority of IUGR individuals undergo a
period of accelerated or catch-up growth in the early postnatal
period, and ‘catch-up’ in body weight to normally grown
infants by 6 months to 2 years of age.4,5 Markers of IUGR, such
as small size at birth for gestational age (SGA), and accelerated
neonatal growth are each independent predictors of poor
cardiometabolic health outcomes, including diabetes, coronary
heart disease, hypertension and obesity, in postnatal life.6–9

While the importance of catch-up growth for determining
future metabolic health outcomes of the child is well estab-
lished, the mechanisms which underlie catch-up growth remain
poorly understood. There are suggestions, however, that
increased appetite and food intake in the early neonatal period

may play an important role. In a small clinical study, SGA
infants consumed a greater volume of breast milk relative to their
body weight in the early neonatal period, than infants who were
of average or above average birth weight.10 Studies in rodents
and sheep have also provided indirect evidence of higher milk
consumption during the neonatal period in growth-restricted
offspring in comparison with their normally grown counterparts,
based on more rapid neonatal growth rates and higher milk
intakes post-weaning.11,12 Studies in small ruminants (goats) by
Laporte-Broux et al. also reported that daily feed intake between
birth and 2 months post-partum of kids artificially reared on milk
was higher in female kids born to goats who were feed-restricted
in late pregnancy compared with progeny of ad libitum-fed
mothers.13 Interestingly, however, they saw no effect of maternal
feed restriction on suckling behaviour or milk intake in male kids
reared by their mothers.14 In our established sheep model of
placental and fetal growth restriction,15–17 we have previously
demonstrated that during their active period of catch-up growth,
15-day-old lambs from placentally restricted (PR) ewes suckle for
longer in the acute phase of weigh-suckle-weigh (WSW) tests
than control (CON) lambs.18 However, milk intake was not
quantified in this previous study.
In addition to the volume consumed, milk composition is

also an important determinant of offspring growth rate and
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body composition, and there is evidence from animal models
that maternal milk composition may be altered after IUGR
pregnancies. Induction of uteroplacental insufficiency by
bilateral uterine vessel ligation in late gestation rat dams reduces
milk yield and in lactose content on day 6 of lactation.19 To
date, however, effects on milk yield and composition of chronic
PR throughout pregnancy, or of IUGR in a large animal model,
have not been reported.

Therefore, the primary aims of the present study were to
determine the effects of placental restriction and birth weight
variation between twin littermates on milk intake and feeding
behaviour of lambs during the first month of postnatal life,
when the majority of catch-up growth occurs in this experi-
mental model of IUGR.17,18 A secondary aim was to determine
the impact of PR on the composition of the ewe’s milk during
this same period.

Methods

Animals and surgery

All procedures were approved by the University of Adelaide
Animal Ethics Committee (approval M-2013-231) and con-
ducted in accordance with Australian Guidelines for the Ethical
Conduct of Research in Animals.20 Details of the animal cohort
from which the animals in this study were derived have been
published in detail previously.21 Briefly, placental growth of
Merino×Border Leicester ewes was restricted by surgical removal
of all but four visible endometrial placental attachment sites
(caruncles) from each uterine horn, at least 10 weeks before timed
mating of PR and unoperated CON ewes.15,16 All ewes were
multiparous and pregnancy was confirmed by ultrasound at
48–55 days after mating, and ewes scanned as pregnant with
twins were selected for the present study. Ewes were housed
indoors from day 110 of gestation until their spontaneously born
lambs were weaned at 97.0± 0.4 days of age. Throughout late
gestation and lactation ewes were fed 1 kg Rumevite pellets daily
(10.6MJ metabolizable energy/kg dry matter; 12.3% crude
protein; Ridley AgriProducts, St Arnaud, Australia), with
ad libitum access to lucerne chaff and water. Gestational ages,
lamb weights, and litter sizes were recorded at birth. Only lambs
from the cohort that were reared as twins were included in the
present study, consisting of 14 CON lambs (five male and nine
female) from seven CON ewes and 12 PR lambs (seven male and
five female) from six PR ewes. Three CON ewes gestated triplets,
but all raised twins due to delivery of only two live lambs or
removal of the third lamb from the ewe. Twins and triplets are
subject to similar constraint in utero in this species, with similar
fetal and placental weights in twins and triplets in late gestation
ovine pregnancy,22 and twin and triplet lambs had similar birth
weights within the larger cohort.21

Lamb growth measures

Lambs were weighed daily until day 15 from birth and then at
least weekly until at least day 30, corresponding to the major

period of catch-up growth in PR lambs.17,18 Weights for days
between measures and at day 30 were estimated by linear
regression based on weights on adjacent days. Absolute (AGR)
and fractional growth rates (FGR) from birth to day 30, and for
the weeks of the WSW procedures (days 12–18 and days 20–26)
were calculated by linear regression.17 FGR was calculated by
dividing the AGR by the starting weight for each period.17,18

Milk intake and feeding behaviour

The milk intake and feeding behaviour of the lambs was mea-
sured at day 15 ± 1 and day 23 ± 0, using a modified WSW
protocol as described previously.23 Briefly, lambs were fasted
for 2 h, a disposable diaper was applied to prevent weight loss
due to urination or defecation, and the lambs were then
allowed to suckle freely for 2 h. The ewe’s feed trough was
removed from the pen throughout the WSW experiment and
lambs could not access the ewe’s water at the study ages due to
height of the drinker trough. Milk samples (~10ml) were
collected from each ewe at the end of the 2 h feeding period by
hand milking into plastic specimen containers and immediately
placed on ice. Milk and plasma samples were stored at −20°C
for later analysis. Total time spent at the teat, the number of
suckling bouts (>2 s duration) and unsuccessful suckling
attempts (<2 s duration), and the length of each successful
feeding bout were also recorded for each lamb during con-
tinuous observation throughout the WSW.24 Numbers of
feeding attempts were calculated as the sum of numbers of
feeding bouts and unsuccessful attempts. Feeding behaviours
were analysed for the entire WSW period and during the first
15min, as we have previously observed increases in feeding
duration in PR lambs during this acute post-fasting period.18

All feeding experiments were conducted between 9 am and
12 pm. Lambs were weighed immediately before and after the
2 h suckling period and milk intake calculated as the change in
weight during the WSW. The relative milk intake of each lamb
was calculated by dividing milk intake by the lamb’s pre-
feeding body weight and feeding efficiency was calculated as
weight gain divided by the summed total time in all successful
feeding bouts during the WSW period.23 The total and relative
intake of each macronutrient was determined by multiplying
total or relative milk intake of each lamb by the concentration
of the respective macronutrient in their mother’s milk.

Milk composition analysis

The fat, protein, lactose, fat solids and non-fat solids content
of ewe milk samples was determined using an automated milk
composition analyser validated for use with sheep milk
(MilkoscanTMMinor; Foss Analytical, Hillerød, Denmark). All
samples were thawed at room temperature before analysis,
and were analysed in a single assay. Repeatability for the con-
centrations of each milk component was<5% in analysis of five
aliquots of commercial dairy products (cream, whole and skim
cow’s milk). Logarithmic standard curves were generated for
dilution of a sheep milk quality control sample in distilled water,
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and were used to calculate concentrations of each macronutrient
for two milk samples that required dilution for analysis due to
insufficient milk volume.

Statistical analysis

The milk intake and feeding behaviour data of four CON and
one PR lambs at day 15 and two CON and three PR lambs at
day 23 were excluded from the analysis due to either physio-
logically implausible data (weight loss during the 2 h feeding
period) or loss/leakage of the diaper being observed during the
feeding period. Growth data was excluded for one PR lamb
[higher birth weight (HBW) of twin pair] that was removed
from the study shortly after the second WSW due to poor body
condition (maternal rejection). The effect of treatment on milk
composition was determined using a generalized linear mixed
model with each lactation day (days 15 and 23) assessed
separately due to limited animal numbers and the need to
exclude specific animals as described above. The effects of sex
and treatment (CON v. PR) or birth weight within each twin
pair (HBW v. LBW) on continuously distributed outcomes
were determined by generalized linear mixed models, including
the dam as a random factor to correct for maternal effects.

The effects of sex and treatment or birth weight within each
twin pair on suckling count measures were determined by
generalized linear mixed models using a Poisson distribution
with log link, and also including the dam as a random factor to
correct for maternal effects. Relationships between neonatal
feeding and growth outcomes for individual lambs, and
between within-twin pair differences in birth weight andWSW
outcomes were assessed by two-sided Pearson’s correlation. All
analyses were performed using IBM SPSS v 22 (SPSS, Chicago,
IL, USA). All data are presented as actual mean ± S.E.M., and
P< 0.05 was accepted as statistically significant.

Results

Size at birth and neonatal growth

Effects of treatment

Birth weight tended to be lower in PR than CON lambs in
both males and females (−15%, Table 1, P = 0.052) and PR
lambs remained lighter than CON lambs throughout most of
the first 2 weeks after birth (Fig. 1a). AGR and FGR did not
differ between PR and CON lambs from birth to day 30 or

Table 1. Body weight and growth rates in male and female control (CON) v. placentally restricted (PR) lambs, and in the heavier (HBW) v. lighter birth
weight (LBW) twin within each litter (P> 0.1)

Lamb group Significance

CON male PR male CON female PR female Treatment Sex Interaction

Number of lambs 5 6 9 5
Birth weight (kg) 4.46 ± 0.32 3.96 ± 0.31 4.27 ± 0.20 3.29 ± 0.31 0.052 0.052 0.527
Absolute growth rate, birth to day 30 (g/day) 381 ± 13 349 ± 33 323 ± 22 260 ± 31 0.265 0.015 0.409
Fractional growth rate, birth to day 30 (%/day) 8.67 ± 0.53 9.12 ± 0.82 7.83 ± 0.80 7.91 ± 0.72 0.699 0.609 0.534
Absolute growth rate, days 12–18 (g/day) 384 ± 32 385 ± 37 303 ± 30 244 ± 54 0.627 0.014 0.471
Fractional growth rate, days 12–18 (%/day) 4.31 ± 0.36 4.97 ± 0.25 3.71 ± 0.36 3.66 ± 0.77 0.591 0.069 0.471
Absolute growth rate, days 20–26 (g/day) 323 ± 45 315 ± 35 285 ± 36 224 ± 33 0.525 0.002 0.328
Fractional growth rate, days 20–26 (%/day) 2.78 ± 0.46 2.95 ± 0.16 2.68 ± 0.33 2.70 ± 0.25 0.872 0.274 0.357
Body weight, day 30 (kg) 15.5 ± 0.5 13.7 ± 1.2 13.5 ± 0.5 10.4 ± 1.1 0.064 0.001 0.335

HBW male LBW male HBW female LBW female BW Sex Interaction

Number of lambs 6 5 6 8
Birth weight (kg) 4.56 ± 0.24 3.62 ± 0.30 4.09 ± 0.35 3.79 ± 0.27 0.001 0.053 0.268
Absolute growth rate, birth to day 30 (g/day) 365 ± 33 361 ± 17 325 ± 22 282 ± 29 0.027 0.017 0.061
Fractional growth rate, birth to day 30 (%/day) 7.90 ± 0.45 10.15 ± 0.56 8.21 ± 0.78 7.59 ± 0.82 0.087 0.391 0.022a

Absolute growth rate, days 12–18 (g/day) 390 ± 41 378 ± 24 326 ± 22 249 ± 42 0.027 0.019 0.095
Fractional growth rate, days 12–18 (%/day) 4.44 ± 0.36 4.95 ± 0.24 4.17 ± 0.30 3.33 ± 0.54 0.606 0.064 0.108
Absolute growth rate, days 20–26 (g/day) 298 ± 41 343 ± 32 269 ± 36 259 ± 39 0.293 0.003 0.286
Fractional growth rate, days 20–26 (%/day) 2.55 ± 0.32 3.25 ± 0.19 2.51 ± 0.23 2.82 ± 0.37 0.018 0.073 0.528
Body weight, day 30 (kg) 15.0 ± 1.2 14.0 ± 0.8 13.0 ± 0.8 12.0 ± 0.9 0.006 0.001 0.644

Fractional growth rate was calculated by dividing absolute growth rate by weight at the start of the period. Day 30 weight was calculated by linear
regression based on weekly weights. Data were analysed by mixed models including treatment or birth weight within each twin pair (BW), sex and
dam as a random factor to account for common gestation and lactation environment and are presented as mean ± S.E.M. for each group.
aFractional growth rate from birth to day 30 was greater in LBW than HBW males (P = 0.039), and not different between LBW and HBW

females (P = 0.103).
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during WSW weeks in either male or female lambs (Table 1,
each P> 0.25). Weight from birth to day 30 increased with age
(Fig. 1a, P< 0.001), tended to be higher in CON than PR
(P = 0.057) and was higher in males than in females
(P = 0.049). The change in weight with age differed between
treatments (P = 0.001) and sexes (P< 0.001). Body weight
tended (P = 0.064) to be lower in PR than CON lambs at day
30 (Table 1). Independent of treatment, male lambs tended
(P = 0.052) to be heavier at birth, had a greater absolute
(P = 0.015), but not fractional (P = 0.61), growth rate from
birth to 30 days and were significantly (P = 0.001) heavier
than female lambs at 30 days of age (Table 1). Differences in
body weight between male and female lambs became more
pronounced with age (Fig. 1a and 1b).

Within-litter comparisons

Birth weight was lower in the lower birth weight (LBW) than in
the HBW lamb of each litter in both males (~20%) and females
(~7%) (Table 1, P = 0.001) and LBW twins remained lighter
than their HBW littermates throughout the entire experiment.
AGR from birth to day 30 was 9% lower in LBW than HBW
lambs (Table 1, P = 0.027) in both males and females, whilst
FGR during the same period was greater in LBW and HBW
twins in males (P = 0.039), but not in females (P> 0.1)
(Table 1). During the week of the first WSW, AGR from days
12 to 18 was greater in HBW than LBW lambs (Table 1,
P = 0.027), and FGR did not differ between LBW and HBW
twins (Table 1, P> 0.2). During the second WSW, however,
AGR from days 20 to 26 did not differ between LBW and
HBW twins (Table 1, P> 0.25), while FGR was greater in
LBW than HBW twins, and this effect did not differ between
males and females (Table 1, P = 0.018).

Weight from birth to day 30 increased with age (Fig. 1b,
P< 0.001), tended to be greater in HBW than LBW lambs
(P = 0.092), but the change in weight with age was similar in

HBW and LBW lambs (treatment× age interaction: P> 0.9).
Males gained more weight than females (sex× age interaction:
P = 0.026). At day 30, LBW lambs were 7.2% lighter than
HBW lambs in both males (6.7%) and females (7.7%) (Table 1,
P = 0.006). The difference in body weight at day 30 days of age
within twin pairs correlated positively with their difference in
birth weights (r = 0.712, P = 0.009, n = 12 litters), despite the
negative correlation between within-litter differences in FGR
from birth to day 30 and birth weight (r = −0.580, P = 0.048,
n = 12 litters). Within-litter differences in AGR from birth to
day 30 did not correlate with within-litter differences in birth
weight (r = 0.106, P = 0.742, n = 12 litters).

Milk composition

On day 23 of lactation, protein content was ~19% higher in
milk from PR compared with CON ewes (P = 0.038,
Table 2). There were no differences in the protein content of
the milk between PR and CON ewes at day 15 of lactation, nor
in fat, lactose, total solid and non-fat solid contents of the milk
at either lactation stage (Table 2).

Neonatal milk intake

Effects of treatment

Lamb weights were similar between treatments before each
WSW in both males and females (Table 3). At day 15, absolute
and relative total milk intake and intakes of each milk
component (fat, protein, lactose, total solids, non-fat solids)
were similar in CON and PR lambs in both males and females,
and there were no interactions between sex and treatment for
any of these measures (Tables 3 and 4).
At day 23, however, while there were no overall effects of

treatment on measures of milk intakes, there were interactions
between sex and treatment for the majority of these measures
(Table 5).

Within-litter comparisons

The HBW twin was heavier than the LBW twin at the start of
WSW protocols at day 15 (+14.3%, = 0.025, Table 3) but
not at day 23 P = 0.086, Table 4), independent of sex. At day
15, there was no difference in either milk consumption or the
intake of any individual milk components during the WSW
between LBW and HBW twins in either absolute or relative
terms (each P> 0.08, Table 3). There were, however,
significant interactions with sex for both total and relative
protein intakes, such that protein intakes tended to be higher
(by ~40%) in HBW than LBW lambs in males, but not in
females. The differences in absolute and relative milk intakes
between twins at day 15 correlated positively with their birth
weight difference (Fig. 2). At day 23, absolute and relative
intakes of milk and milk components did not differ between
HBW and LBW twins, independent of sex (Table 4), and
between-pair differences in intake did not correlate with
differences in birth weight (data not shown).

Fig. 1. Neonatal growth curves of male and female twin lambs for
(a) CON and PR and (b) HBW and LBW. Data are mean ± S.E.M.
for each group. Periods when main effects are significant (P< 0.05)
are indicated above each panel. CON, control (males: unfilled
circles, females: unfilled squares); PR, placentally restricted (males:
filled circles, females: filled squares); HBW, heavier birth weight
twin (males: lighter grey downwards triangles, females: lighter grey
upwards triangles); LBW, lighter birth weight twin (males: darker
grey downwards triangles, females: darker grey upwards triangles).
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Table 2. Milk composition in control (CON) and placentally restricted (PR) ewes (P> 0.1).

Day 16 of lactation Day 23 of lactation

CON PR Significance CON PR Significance

Number of ewes 5 6 6 6
Fat (%) 8.61 ± 0.86 8.48 ± 0.52 NS 7.28 ± 1.00 7.87 ± 0.61 NS
Protein (%) 3.65 ± 0.19 4.17 ± 0.30 NS 3.31 ± 0.21 3.95 ± 0.17 0.038
Lactose (%) 4.97 ± 0.08 4.89 ± 0.08 NS 5.10 ± 0.08 5.19 ± 0.06 NS
Total solids (%) 18.0 ± 0.8 18.4 ± 0.5 NS 16.5 ± 1.1 17.6 ± 0.5 NS
Non-fat solids (%) 10.1 ± 0.2 10.5 ± 0.3 NS 9.9 ± 0.2 10.2 ± 0.3 NS

Data were analysed by mixed model within each lactational stage and are presented as mean ± S.E.M.

Table 3. Intake of milk and individual milk components in male and female control (CON) v. placentally restricted (PR) lambs, and in the heavier
(HBW) v. lighter birth weight (LBW) twin within each litter at day 15 of age (P> 0.1)

Lamb group Significance

CON male PR male CON female PR female Treatment Sex Interaction

Number of lambs 4 6 6 5
Starting weight (kg) 10.1 ± 0.6 8.9 ± 0.7 8.7 ± 0.4 7.1 ± 0.7 0.125 0.023 0.478
Milk intake (g) 180 ± 28 210 ± 50 120 ± 27 105 ± 31 0.944 0.079 0.374
Relative milk intake (%) 1.79 ± 0.26 2.37 ± 0.49 1.34 ± 0.28 1.58 ± 0.46 0.564 0.237 0.356
Fat intake (g) 15.4 ± 3.1 19.4 ± 5.0 11.1 ± 3.2 9.3 ± 3.0 0.927 0.108 0.245
Relative fat intake (%) 0.16 ± 0.04 0.22 ± 0.05 0.12 ± 0.03 0.14 ± 0.04 0.609 0.255 0.249
Lactose intake (g) 8.8 ± 1.3 10.2 ± 2.5 6.0 ± 1.3 5.1 ± 1.5 0.961 0.082 0.376
Relative lactose intake (%) 0.09 ± 0.01 0.12 ± 0.02 0.07 ± 0.01 0.08 ± 0.02 0.576 0.249 0.361
Protein intake (g) 6.8 ± 1.3 7.9 ± 1.6 4.4 ± 1.1 4.1 ± 1.0 0.844 0.061 0.405
Relative protein intake (%) 0.07 ± 0.01 0.09 ± 0.02 0.05 ± 0.01 0.06 ± 0.02 0.460 0.237 0.369
Total solids intake (g) 32.4 ± 5.3 39.2 ± 9.4 22.4 ± 5.7 19.4 ± 5.8 0.919 0.090 0.302
Relative total solids intake (%) 0.32 ± 0.06 0.44 ± 0.09 0.25 ± 0.06 0.30 ± 0.09 0.560 0.247 0.302
Non-fat solids intake (g) 18.1 ± 3.0 21.1 ± 4.7 12.0 ± 2.7 10.8 ± 3.0 0.912 0.069 0.398
Relative non-fat solids intake (%) 0.18 ± 0.03 0.24 ± 0.05 0.13 ± 0.03 0.16 ± 0.05 0.516 0.236 0.374

HBW male LBW male HBW female LBW female BW Sex Interaction

Number of lambs 6 4 4 7
Starting weight (kg) 9.7 ± 0.8 8.8 ± 0.5 8.5 ± 0.7 7.7 ± 0.6 0.025 0.106 0.786
Milk intake (g) 238 ± 37 138 ± 44 104 ± 34 119 ± 26 0.132 0.099 0.062
Relative milk intake (%) 2.44 ± 0.28 1.68 ± 0.64 1.31 ± 0.52 1.53 ± 0.29 0.285 0.274 0.069
Fat intake (g) 22.2 ± 3.7 11.2 ± 4.0 8.3 ± 2.9 11.4 ± 3.0 0.147 0.138 0.056
Relative fat intake (%) 0.23 ± 0.03 0.14 ± 0.06 0.11 ± 0.04 0.15 ± 0.03 0.286 0.305 0.067
Lactose intake (g) 11.5 ± 1.8 6.8 ± 2.2 5.2 ± 1.7 5.8 ± 1.2 0.134 0.107 0.068
Relative lactose intake (%) 0.12 ± 0.01 0.08 ± 0.03 0.07 ± 0.03 0.07 ± 0.01 0.300 0.286 0.076
Protein intake (g) 9.0 ± 1.2 5.1 ± 1.4 3.8 ± 1.1 4.5 ± 1.0 0.128 0.065 0.042a

Relative protein intake (%) 0.10 ± 0.1 0.06 ± 0.02 0.05 ± 0.02 0.06 ± 0.01 0.276 0.264 0.050a

Total solids intake (g) 44.7 ± 6.7 24.2 ± 7.9 18.1 ± 6.0 22.7 ± 5.3 0.134 0.107 0.051
Relative total solids intake (%) 0.46 ± 0.06 0.30 ± 0.12 0.23 ± 0.09 0.29 ± 0.06 0.282 0.283 0.061
Non-fat solids intake (g) 23.9 ± 3.4 13.9 ± 4.2 10.5 ± 3.3 12.0 ± 2.5 0.130 0.083 0.056
Relative non-fat solids intake (%) 0.25 ± 0.03 0.17 ± 0.06 0.13 ± 0.05 0.16 ± 0.03 0.288 0.267 0.063

Data were analysed by mixed models including treatment or birth weight within each twin pair (BW), sex and dam as a random factor to account
for common gestation and lactation environment and are presented as mean ± S.E.M. for each group.
aAbsolute (P = 0.061) and relative (P = 0.095) protein intakes tended to be higher in HBW than LBW males, and were not different between

LBW and HBW females (each P> 0.6).
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Neonatal feeding behaviour

Effects of treatment

At day 15, CON lambs had 1.6-fold more suckling bouts
during the WSW period than PR lambs overall (P = 0.022),
and in males (P = 0.023) but not females (P> 0.7, Table 5).
There were no differences in the total number of suckling
attempts, number of unsuccessful suckling attempts, average
length of each suckling bout, total time spent suckling or
feeding efficiency between CON and PR lambs at this age,
independent of sex (Table 5). Measures of feeding behaviour
during the first 15min of the WSW period at day 15 also did
not differ between treatments (Table 5).

At day 23, CON lambs had approximately three-fold
more unsuccessful suckling attempts in the first 15min of the

WSW period (P = 0.034) and also tended (P = 0.08) to have
more unsuccessful suckling attempts during the entire feeding
period than PR lambs, with no effect of sex (Table 6). There
were no differences between CON and PR lambs for any other
feeding measures at this age, either overall or in the first 15min
after fasting (Table 6). Female lambs spent more time during
the WSW period sitting compared with male lambs, indepen-
dent of treatment (P = 0.012).

Within-litter comparisons

At day 15, LBW twins had more suckling attempts in total
during theWSW period compared with HBW twins in females
(P = 0.027), but not in males (P = 0.17, Table 5). This was
due to a greater number of unsuccessful suckling attempts in

Table 4. Intake of milk and individual milk components in male and female control (CON) v. placentally restricted (PR) lambs, and in the heavier
(HBW) v. lighter birth weight (LBW) twin within each litter at day 23 of age (P> 0.1)

Lamb group Significance

CON male PR male CON female PR female Treatment Sex Interaction

Number of lambs 5 5 7 4
Starting weight (kg) 12.8 ± 1.9 12.3 ± 0.4 11.2 ± 0.5 8.7 ± 0.8 0.139 0.005 0.197
Milk intake (g) 192 ± 58 224 ± 26 173 ± 49 196 ± 68 0.547 0.796 0.012a

Relative milk intake (%) 1.52 ± 0.61 1.82 ± 0.22 1.54 ± 0.42 2.48 ± 0.51 0.231 0.271 0.004a

Fat intake (g) 14.2 ± 5.1 16.4 ± 2.9 14.3 ± 5.5 16.4 ± 4.0 0.672 0.845 0.023a

Relative fat intake (%) 0.11 ± 0.05 0.13 ± 0.02 0.13 ± 0.05 0.21 ± 0.03 0.317 0.175 0.007a

Lactose intake (g) 9.7 ± 3.0 11.4 ± 1.3 8.8 ± 2.4 10.3 ± 3.5 0.498 0.814 0.011a

Relative lactose intake (%) 0.08 ± 0.03 0.09 ± 0.01 0.08 ± 0.02 0.13 ± 0.03 0.199 0.246 0.004a

Protein intake (g) 6.9 ± 2.0 9.0 ± 1.1 5.8 ± 2.1 7.7 ± 3.0 0.350 0.799 0.012a

Relative protein intake (%) 0.06 ± 0.02 0.07 ± 0.01 0.05 ± 0.02 0.10 ± 0.02 0.154 0.286 0.004a

Total solids intake (g) 32.3 ± 10.5 38.6 ± 5.4 30.2 ± 10.2 35.2 ± 10.9 0.543 0.949 0.016a

Relative total solids intake (%) 0.26 ± 0.11 0.32 ± 0.05 0.27 ± 0.09 0.45 ± 0.08 0.236 0.222 0.005a

Non-fat solids intake (g) 19.4 ± 5.7 23.7 ± 2.8 17.0 ± 5.1 19.6 ± 7.6 0.506 0.763 0.012a

Relative non-fat solids intake (%) 0.16 ± 0.06 0.19 ± 0.02 0.15 ± 0.04 0.24 ± 0.06 0.216 0.338 0.004a

HBW male LBW male HBW female LBW female BW Sex Interaction

Number of lambs 6 4 4 7
Starting weight (kg) 13.1 ± 1.1 11.6 ± 0.8 10.8 ± 0.6 10.0 ± 0.6 0.086 0.057 0.509
Milk intake (g) 198 ± 19 224 ± 33 183 ± 27 181 ± 34 0.908 0.563 0.911
Relative milk intake (%) 1.55 ± 0.27 1.86 ± 0.45 1.75 ± 0.25 1.96 ± 0.34 0.920 0.768 0.751
Fat intake (g) 15.2 ± 2.2 15.4 ± 3.5 14.7 ± 2.8 15.3 ± 2.7 0.821 0.923 0.847
Relative fat intake (%) 0.12 ± 0.03 0.13 ± 0.04 0.14 ± 0.03 0.17 ± 0.03 0.993 0.538 0.574
Lactose intake (g) 9.9 ± 1.0 11.4 ± 1.6 9.6 ± 1.4 9.2 ± 1.7 0.906 0.588 0.850
Relative lactose intake (%) 0.08 ± 0.01 0.10 ± 0.02 0.09 ± 0.01 0.10 ± 0.02 0.933 0.727 0.791
Protein intake (g) 7.3 ± 1.1 9.0 ± 1.5 6.2 ± 1.2 6.6 ± 1.6 0.923 0.550 0.936
Relative protein intake (%) 0.06 ± 0.01 0.07 ± 0.02 0.06 ± 0.01 0.07 ± 0.02 0.970 0.823 0.719
Total solids intake (g) 33.9 ± 4.2 37.7 ± 6.6 31.9 ± 5.4 32.1 ± 6.0 0.881 0.687 0.984
Relative total solids intake (%) 0.27 ± 0.06 0.32 ± 0.09 0.31 ± 0.05 0.35 ± 0.06 0.963 0.679 0.697
Non-fat solids intake (g) 20.1 ± 2.4 23.8 ± 3.3 18.4 ± 2.9 17.7 ± 3.8 0.913 0.506 0.828
Relative non-fat solids intake (%) 0.16 ± 0.03 0.20 ± 0.04 0.18 ± 0.03 0.19 ± 0.03 0.925 0.897 0.893

Data were analysed by mixed models including treatment or birth weight within each twin pair (BW), sex and dam as a random factor to account
for common gestation and lactation environment and are presented as mean ± S.E.M. for each group.
aAbsolute and relative intakes of milk and milk components at day 23 of age did not differ between CON and PR males (each P> 0.8) or

between CON and PR females (each P> 0.1).
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LBW compared with HBW female twins (P = 0.004,
Table 5), while the number of successful feeding bouts was not
different. There were no differences in any other feeding
measures, time spent suckling or sitting or feeding efficiency
between HBW and LBW twins (Table 5). The difference
in feeding efficiency between twins tended (R = 0.55,
P = 0.052, n = 9 litters) to correlate positively with their birth
weight difference.

At day 23, overall and acute feeding behaviour measures did
not differ between LBW and HBW twins (Table 6). However,
consistent with sex-specific responses at day 15, LBW females
tended to have more total and failed suckling attempts com-
pared with HBW females, and these outcomes did not differ

between HBW and LBW males (Table 6). The between-twin
differences in the number of feeding bouts across the entire
WSW period (R = 0.60, P = 0.040, n = 11 litters) and in the
first 15min after fasting (R = 0.63, P = 0.035, n = 11 litters)
were each correlated positively with their birth weight
difference.

Relationships between milk intake, feeding behaviour and
neonatal growth

At day 15, neither absolute nor relative milk intake were
correlated with the total number or total duration of feeding
bouts across all lambs combined (P> 0.1 for all). Absolute and

Table 5. Feeding behaviour in male and female control (CON) v. placentally restricted (PR) lambs, and in the heavier (HBW) v. lighter birth weight
(LBW) twin within each litter at day 15 of age (P> 0.1)

Lamb group Significance

CON male PR male CON female PR female Treatment Sex Interaction

Number of lambs 4 6 6 5
Total suckling bouts (n) 11.3 ± 2.1 4.5 ± 0.7 8.3 ± 0.6 7.6 ± 2.1 0.022 0.552 0.050a

Suckling bouts in first 15min (n) 5.0 ± 1.9 2.0 ± 0.7 3.5 ± 0.4 4.2 ± 1.4 0.288 0.656 0.083
Total failed suckling attempts 6.3 ± 3.2 8.0 ± 2.8 11.7 ± 3.9 9.8 ± 3.3 0.943 0.003 0.608
Failed attempts in first 15min (n) 3.0 ± 1.8 3.7 ± 1.4 2.3 ± 0.9 2.0 ± 0.9 0.869 0.885 0.696
Total (failed+ successful) suckling attempts (n) 17.5 ± 4.7 12.5 ± 2.6 20.0 ± 3.9 17.4 ± 5.2 0.477 0.029 0.489
Suckling attempts (failed+ successful) in first 15min (n) 8.0 ± 3.0 5.7 ± 1.1 5.8 ± 0.8 6.2 ± 2.0 0.626 0.972 0.319
Total feeding time (s) 298 ± 46 131 ± 46 258 ± 54 218 ± 79 0.199 0.569 0.630
Average suckling bout duration (s) 34.6 ± 14.6 26.2 ± 6.3 32.2 ± 8.0 26.8 ± 2.8 0.468 0.164 0.446
Feeding efficiency (g gained per second of suckling) 0.64 ± 0.12 2.57 ± 0.84 0.55 ± 0.14 0.95 ± 0.44 0.198 0.387 0.327
Total time sitting (min) 44 ± 7 51 ± 13 40 ± 10 43 ± 14 0.936 0.073 0.602

HBW male LBW male HBW female LBW female BW Sex Interaction

Number of lambs 6 4 4 7
Total suckling bouts (n) 7.8 ± 1.9 6.3 ± 2.4 7.8 ± 1.8 8.1 ± 1.2 0.645 0.456 0.944
Suckling bouts in first 15min (n) 4.0 ± 1.4 2.0 ± 0.8 4.0 ± 1.1 3.7 ± 0.9 0.214 0.323 0.801
Total failed suckling attempts (n) 6.3 ± 2.4 8.8 ± 3.8 5.8 ± 3.0 13.7 ± 3.2 0.111 0.045 0.004b

Failed attempts in first 15min (n) 3.7 ± 1.6 3.0 ± 1.4 0.3 ± 0.3 3.3 ± 0.6 0.086 0.171 0.008b

Total (failed+ successful) suckling attempts (n) 14.2 ± 3.4 15.0 ± 4.0 13.5 ± 4.7 21.9 ± 3.7 0.169 0.149 0.036c

Suckling attempts (failed+ successful) in first 15min (n) 7.7 ± 2.1 5.0 ± 0.8 4.3 ± 1.3 7.0 ± 1.2 0.997 0.897 0.042d

Total feeding time (s) 246 ± 51 127 ± 60 187 ± 47 270 ± 64 0.804 0.440 0.368
Average suckling bout duration (s) 37.1 ± 10.0 18.3 ± 2.1 24.0 ± 0.5 33.1 ± 6.8 0.358 0.261 0.085
Feeding efficiency (g gained per second of suckling) 1.63 ± 0.76 2.05 ± 1.04 0.93 ± 0.54 0.62 ± 0.16 0.376 0.518 0.299
Total time sitting (min) 50 ± 12 44 ± 9 45 ± 12 40 ± 11 0.948 0.109 0.723

Data were analysed by mixed models including treatment or birth weight within each twin pair (BW), sex and dam as a random factor to account
for common gestation and lactation environment and are presented as mean ± S.E.M. for each group.
aThe total number of feeding bouts at day 16 of age was greater in CON than PR males (P = 0.023) and did not differ between CON and PR

females (P = 0.721).
bThe total number of failed suckling attempts and number of failed suckling attempts in the first 15min of the feeding test at day 15 were higher

in LBW females than HBW females (P = 0.004 and 0.030, respectively) and did not differ between HBW and LBW males (P = 0.167 and
0.056, respectively).
cThe total number of suckling attempts (failed+ successful) at day 15 were higher in LBW females than HBW females (P = 0.027) and did not

differ between HBW and LBW males (P = 0.289).
dThe number of suckling attempts (failed+ successful) in the first 15min of the feeding test at day 15 did not differ between LBW and HBW

females (P = 0.110) or between HBW and LBW males (P = 0.091).
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relative milk intakes at day 15 correlated negatively with
the total number of feeding attempts at (absolute intake:
R = −0.45, P = 0.041, n = 21; relative intake: R = −0.50,
P = 0.021, n = 21) with similar trends for the number of
unsuccessful feeding attempts (absolute intake: R = −0.40,
P = 0.072, n = 21; relative intake: R = −0.43, P = 0.053,
n = 21). AGR and FGR during the neonatal period (birth to
day 30) correlated positively with absolute milk intake (AGR:
R = 0.45, P = 0.040, n = 21; FGR: R = 0.44, P = 0.048,
n = 21). A similar positive correlation was evident between
fractional but not absolute neonatal growth and relative milk
intake at day 15 (AGR: R = 0.16, P = 0.050, n = 21; FGR:
R = 0.45, P = 0.038, n = 21). AGR but not FGR at the first
WSW (days 12–18) correlated positively with absolute milk
intake at day 15 (R = 0.44, P = 0.045, n = 21). Growth rates
during the first WSW week did not correlate with relative milk
intake at day 15 (each P> 0.1). Interestingly, AGR and FGR
during the WSW week correlated negatively with total feeding
time (AGR: R = −0.49, P = 0.025, n = 21; FGR:
R = −0.56, P = 0.008, n = 21) and positively with feeding
efficiency at day 15 (AGR: R = 0.48, P = 0.026, n = 21;
FGR: R = 0.51, P = 0.019, n = 21).

At day 23, neither absolute nor relative milk intake were
correlated with the total number or total duration of feeding
bouts across all lambs combined (P> 0.2 for all), nor with the
number of unsuccessful or total feeding attempts (all P> 0.05).
Neonatal AGR and FGR also did not correlate with absolute
or relative milk intakes at day 23 (all P> 0.2). Similarly, AGR
and FGR during the second WSW week (days 20−26) did not
correlate with absolute or relative milk intakes at day 23
(all P> 0.1), current growth rates were also not related to
measures of feeding behaviour at day 23.

Discussion

This study is the first to report lamb milk intake and feeding
behaviour and dam milk composition in an experimental
model of IUGR. Contrary to our hypotheses, we found no
effect of PR on milk intake in either absolute or relative terms,
and PR lambs suckled less frequently than CON lambs during
the WSW study at 15 days of age in males, but not in females
In contrast, comparisons of milk intake and feeding behaviour
measures between the HBW and LBW twin within each pair
indicated that LBW twins had more total and failed suckling
attempts during the WSW than their HBW counterparts, in
females, but not in males. Interestingly, between-twin differ-
ences in relative as well as absolute milk intakes correlated
positively with differences in birth weight, indicating that
relatively larger lambs at birth are consuming more milk in
relative as well as absolute terms. These results indicate that
natural or experimentally induced restriction of growth before
birth does not lead to increased neonatal milk consumption in
male or female lambs reared as twins, but has sex-specific effects
on feeding behaviour. The greater numbers of total and
unsuccessful feeding attempts in LBW compared with HBW
female twin lambs are consistent with our previous finding of
increased feeding frequency in PR compared with CON
singleton lambs, and support the hypothesis of increased
appetite drive after natural or induced IUGR. The lack of dif-
ference in milk intake between PR and CON lambs in the
present study is consistent with the relatively subtle (−15%)
effects of PR on average birth weight in this cohort and may
reflect a degree of natural restriction in all twins as well as
lactational constraint and littermate competition in twin litters.

Milk composition

In the present study, which provides the first assessment of milk
composition in this animal model, we found a higher protein
content in milk from PR ewes at day 23 of lactation, in the
absence of any significant changes in the concentration of any
other key milk macronutrients. The mechanism underlying
this increase in milk protein content is unclear. One possibility,
however, is that this is secondary to reductions in milk yield,
since breast milk protein concentrations correlate negatively
with milk volume in women.25 While we did not assess milk
yield in the present study, previous studies have reported that
concentrations of placental lactogen in both the utero–ovarian
vein and maternal plasma in late gestation are lower in PR
compared with CON ewes,26 and reduced placental lactogen
has been associated with decreased milk yield. In dairy goats,
maternal circulating placental lactogen concentrations in late
gestation are positively correlated with milk yield during the
first 50 days of lactation,27 while in sheep, administration of
purified or recombinant placental lactogen in either late preg-
nancy or mid-lactation promotes milk production even in the
absence of prolactin.28,29 In clinical studies, higher concentra-
tions of protein in breast milk or formula are associated with
increases in infant growth rate and fat deposition,30,31 however

Fig. 2. Within-litter differences in (a) absolute (g) and (b) relative milk
intakes (as a % of current weight) between twins correlate with their
differences in birth weight. Data are differences between each twin pair
(HBW–LBW), with control pairs indicated by unfilled circles and
placentally restricted pairs indicated by filled circles. Only data for pairs
where milk intake data was available for both twins was included.
Relationships were analysed across all lamb pairs by Pearson’s correlation.
HBW, heavier birth weight twin; LBW, lighter birth weight twin.
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the magnitude of the increase in protein concentration in PR
compared with CON ewes in the present study does not appear
sufficient to increase lamb growth rates, based on our results.
This lack of effect of milk protein on growth may also be related
to the fact that this was a twin cohort, since previous studies
have reported that the relationship between milk protein con-
tent and lamb growth is blunted in twin compared with sin-
gleton lambs.32

The limited studies in other species which have attempted to
assess the impact of fetal growth restriction on breast milk com-
position to date have produced conflicting results. In humans,
total fat content of breast milk was similar in mothers of normal
weight and small for gestational age infants in one study,33 whilst
another reported alterations in fatty acid composition, particu-
larly the levels of capric, lauric and gadoleic acids.34 In a rodent

model of acute, severe placental restriction induced by bilateral
uterine artery ligation in late pregnancy (day 18 of the 21-day
pregnancy) PR dams produced less milk, which was lower in
lactose, than CON dams.19 Differences in timing and the nature
of the induced placental restriction make it difficult to compare
the effects of this acute placental restriction to those of the chronic
placental insufficiency in our ovine model. It is also important to
note that milk composition, particularly the fat content, is highly
dynamic, varying across the day and between samples collected
before and after a feed.35 Further studies comparing milk
composition in CON and PR ewes more intensively, including
during the initial days of lactation, and measuring milk yield
over longer time frames, for example using isotope dilution
techniques,36,37 would help to better characterize effects of PR on
milk yield and composition.

Table 6. Feeding behaviour in male and female control (CON) v. placentally restricted (PR) lambs, and in the heavier (HBW) v. lighter birth weight
(LBW) twin within each litter at day 23 of age (P> 0.1)

Lamb group Significance

CON male PR male CON female PR female Treatment Sex Interaction

Number of lambs 5 5 7 4
Total suckling bouts (n) 6.6 ± 1.7 7.6 ± 1.6 6.6 ± 1.7 5.0 ± 1.1 0.881 0.354 0.469
Suckling bouts in first 15min (n) 1.8 ± 0.6 3.6 ± 1.1 2.1 ± 0.8 2.3 ± 0.6 0.458 0.533 0.394
Total failed suckling attempts 7.4 ± 3.2 3.2 ± 0.4 6.9 ± 1.7 2.8 ± 0.6 0.077 0.775 0.803
Failed attempts in first 15min (n) 3.4 ± 1.7 1.2 ± 0.5 3.1 ± 1.2 0.5 ± 0.3 0.034 0.528 0.358
Total (failed+ successful) suckling attempts (n) 14.0 ± 4.5 10.8 ± 1.7 13.4 ± 2.3 7.8 ± 1.3 0.153 0.331 0.414
Suckling attempts (failed+ successful) in first 15min (n) 5.2 ± 2.3 4.8 ± 1.2 5.3 ± 1.5 2.8 ± 0.8 0.355 0.417 0.218
Total feeding time (s) 204 ± 51 109 ± 22 225 ± 47 136 ± 54 0.144 0.854 0.787
Average suckling bout duration (s) 36.5 ± 8.8 14.2 ± 0.5 40.9 ± 7.6 25.4 ± 9.3 0.105 0.135 0.460
Feeding efficiency (g gained per second of suckling) 1.82 ± 1.09 2.57 ± 0.85 0.93 ± 0.20 2.73 ± 1.16 0.194 0.478 0.088
Total time sitting (min) 29 ± 8 36 ± 5 48 ± 8 43 ± 15 0.870 0.012 0.940

HBW male LBW male HBW female LBW female BW Sex Interaction

Number of lambs 6 4 4 7
Total suckling bouts (n) 7.7 ± 1.7 6.3 ± 1.0 5.0 ± 1.4 6.6 ± 1.6 0.777 0.333 0.222
Suckling bouts in first 15min (n) 3.0 ± 1.1 2.3 ± 0.3 1.8 ± 0.5 2.4 ± 0.8 0.892 0.406 0.406
Total failed suckling attempts 6.7 ± 2.7 3.3 ± 0.5 3.8 ± 1.0 6.3 ± 1.8 0.791 0.970 0.013a

Failed attempts in first 15min (n) 2.8 ± 1.5 1.5 ± 0.6 0.8 ± 0.3 3.0 ± 1.3 0.422 0.720 0.027a

Total (failed+ successful) suckling attempts (n) 14.3 ± 3.7 9.5 ± 1.3 8.8 ± 1.8 12.9 ± 2.4 0.926 0.468 0.010b

Suckling attempts (failed+ successful) in first 15min (n) 5.8 ± 2.0 3.8 ± 0.6 2.5 ± 0.5 5.4 ± 1.5 0.478 0.391 0.027b

Total feeding time (s) 184 ± 44 115 ± 36 141 ± 57 222 ± 47 0.693 0.957 0.044c

Average suckling bout duration (s) 30.7 ± 8.7 17.4 ± 3.2 26.7 ± 9.0 40.2 ± 7.9 0.712 0.156 0.316
Feeding efficiency (g gained per second of suckling) 1.87 ± 0.90 2.68 ± 1.07 2.65 ± 1.20 0.98 ± 0.19 0.452 0.607 0.283
Total time sitting (min) 34 ± 7 30 ± 6 54 ± 6 42 ± 10 0.293 0.009 0.791

Data were analysed by mixed models including treatment or birth weight within each twin pair (BW), sex and dam as a random factor to account
for common gestation and lactation environment and are presented as mean ± S.E.M. for each group.
aThe total number of failed suckling attempts and number of failed suckling attempts in the first 15min of the feeding test at day 23 did not

differ between LBW and HBW females (P = 0.107 and 0.068, respectively) or between HBW and LBW males (P = 0.061 and 0.217,
respectively).
bThe total number of suckling attempts (failed+ successful) at day 23 overall and in the first 15min of the test tended to be higher in in LBW

females than HBW females (P = 0.058 and 0.055, respectively) and did not differ between HBW and LBW males (P = 0.091 and 0.270,
respectively).
cThe total feeding time at day 23 of age did not differ between HBW and LBW males (P = 0.376) or females (P = 0.244).
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Effects of placental restriction

We were not able to use comparisons between CON and PR
lambs to evaluate our initial hypothesis that increased milk
intake in the early neonatal period would be an important
contributor to accelerated neonatal growth previously reported
in PR lambs,17,18 as in the present cohort size at birth was not
significantly decreased and neonatal growth rates were not
increased in PR compared with CON lambs. Consistent with
this lack of difference in neonatal growth rates, we found no
difference in milk intake between CON and PR lambs in the
present study at either 15 or 23 days of age. Therefore, the
absence of significant effects on milk intake may be related to
lack of catch-up and fact that this was a twin cohort – as the
CON twin lambs would also be subject to a degree of growth
restriction in utero.38 The environment of a multiple gestation
including twinning reduces growth rates from early in gesta-
tion, compared with singletons, and birth and postnatal out-
comes of twin pregnancies in sheep cannot be normalized to
that of singletons by removal of a co-twin in early gesta-
tion.39,40 In utero restriction due to twinning may have simi-
larities to the effects of PR, where reduction in the number of
available placental attachment sites induced before mating will
also restrict placental development from early gestation.15

Unexpectedly, the frequency of suckling events, an indirect
indicator of feeding drive, was decreased in PR compared with
CON twin lambs in the present study overall and in males,
although this was not associated with decreased milk intake.
The reduced suckling bouts in PR compared with CON lambs
in the absence of differences in milk intake or average duration
of feeding bouts suggests that PR lambs consumed a greater
volume of milk at each successful feed. This did not, however,
translate into a significant increase in feeding efficiency (i.e.
amount of weight gained per unit time spent suckling during
the WSW period), suggesting a relatively subtle effect. The
decrease in feeding frequency in PR lambs in the present study
contradicts our previous finding that feeding frequency was
increased in PR compared with CON lambs at the same age,
particularly in the first 15min after fasting.18 Milk intake was
not measured in our initial study, so it is not clear whether
increased feeding frequency also increased milk consumption
of PR lambs in that study. We therefore suggest that
future studies to determine effects of IUGR on milk intake
and appetite and its role in catch-up growth will need to be
performed in cohorts of singleton progeny to minimize natural
constraint of fetal growth and potential competition between
littermates for available milk. The suggestion of sex differences
in these outcomes, with the difference appearing to be more
pronounced in males, indicates that sufficient numbers of both
sexes are required in order to evaluate potential sex-specific
differences in future studies.

Within-litter comparisons

Comparing the feed intake and behaviour measures in lambs
from each twin pair who were heavier and lighter at birth

provided an opportunity to explore the impact of birth weight
on feeding behaviour and growth over the first month of
postnatal life, independent of PR. Twin comparisons also
reduce variation in outcomes due to differences in genetics and
maternal factors, and growth disparities between-twin pairs
have therefore been used to investigate developmental pro-
gramming questions in human cohorts.39,41 As expected, we
observed that the lambs with the lower birth weights grew less
in absolute terms than their heavier birth weight littermates.
Although the LBW twin remained smaller than the HBW twin
at day 30, we did see evidence of relative catch-up, particularly
in LBW males, whose FGR across the first 30 days after birth
was significantly greater than their HBW counterparts and in
which the relative difference in body weight between HBW
and LBW lambs decreased from ~20% at birth to ~7% at
day 30. Furthermore, the FGR of the smaller twins was greater
than that of their heavier littermates in the 4th week after birth
in both males and females, at the time of the second feeding
study. It is possible that proportional catch-up growth in the
lighter twin might start later than previously observed in PR
neonates due to lower feeding efficiency in the early neonatal
period, particularly in females since at day 15 the LBW female
lambs had significantly more failed suckling attempts than
their HBW littermates. Whether this greater frequency of
failed suckling in LBW compared with HBW twin lambs
within a pair was due to less efficient suckling capacity,
competition from the larger twin or ewe preference is unclear,
as is the reason why an increased frequency of failed suckling
attempts was not seen in LBWmales. One possibility, however
is that this reflects a lower suckling success rate in females
compared with males, as female lambs had a more failed
suckling attempts than males overall in the absence of any
differences in total suckling attempts.
Although milk intake did not differ between LBW and

HBW littermates, this might reflect the very small differences
in birth weight within some pairs. Our observation that
between-pair differences in milk intakes at day 15 correlated
positively with their difference in birth weights is also con-
sistent with the hypothesis that between-pair competition or
inefficient feeding limit milk intake of the smaller littermate.
Because the correlation was observed for relative as well as
absolute milk intake, the effect does not appear to be simply
related to current body weight. Importantly, however, both
absolute milk intake and numbers of total and unsuccessful
suckling attempts were no longer different between HBW and
LBW lambs by 23 days of age, suggesting that the lighter twins
overcome early deficits in feeding by ~3 weeks of age.

Strengths and limitations

The strengths of this study are the use of a large animal model
which induces chronic restriction of placental function similar
to that suggested to occur in IUGR human pregnancies.42 We
also provide the first quantification of milk intake in such a
large animal, chronic model of restriction using a method
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(WSW) that provides comparable measures of milk production
and intake to those measured by machine milking.43 While the
use of twin pregnancies adds complexity, it also provides the
significant advantage of enabling us to compare effect of birth
weight within each twin pair, independent of placental
restriction, thus controlling for maternal effects. We performed
repeated WSW studies on each animal at ages corresponding to
those in previous studies of ovine IUGR which have reported
differences in feeding behaviour.18 The measurement of milk
composition at the time of the WSW studies also enabled us to
assess the impact of PR on intake of individual milk com-
ponents (e.g. fat, protein, lactose), which enabled us to assess
the potential impact of differences in milk composition
between individual ewes on intake in their lambs.

Nevertheless, the present study had some limitations. While
experimental placental restriction tended to reduce birth
weight in this study, the extent of this growth restriction
(~15% reduction in birth weight) was lower than the 20–25%
previously reported in studies of singleton PR lambs by our
group and others.18,44 This is likely to be related to differences
between singletons and twins. As twinning induces naturally
occurring fetal growth restriction, the potential for further
reductions in growth as a result of placental restriction is likely
to be less in twin compared with singleton pregnancies.38,39,45

The fact that this study was conducted in twins may also
explain why AGR and FGR were not different between CON
and PR groups in the early postnatal period. In support of this,
the FGR in the CON twin lambs (8.30 ± 0.6%/day) observed
in this study was high when compared with that previously
reported in a CON cohort comprised mostly of singleton lambs
(5.44 ± 0.40%/day).18 Although total milk intake is greater in
ewes who give birth to twins compared with singletons, milk
intake per lamb and growth rates are each lower in twins,
suggesting a degree of maternal constraint to milk supply per
lamb in twin litters.46 The inclusion of lambs reared as twins
only was necessary in this study due to insufficient availability
of singleton pregnancies. The extent to which this masked or
prevented previously observed effects of PR on IUGR and
neonatal catch-up was unexpected, and suggests that future
mechanistic studies of catch-up growth in this model will need
to be restricted to singleton progeny.

While the WSW method is widely accepted as a method for
estimating milk intake in lambs and calves, and has been shown
to compare favourably to alternate methods, it nevertheless
imposes certain limitations. In the present study, it was necessary
to exclude a number of lambs/ewes from the experiment due to
diapers becoming dislodged during the experiment, while
one ewe refused to feed her lambs while the diapers were being
worn, and this may have introduced bias. The use of isotope
dilution approaches undoubtedly provides more accurate and
allows longer-term measures of milk intake,37,47 but has the
limitation of requiring frequent blood sampling of the lamb and
ewe, which disrupts normal feeding behaviour. Future studies
in which both WSW and isotope dilution experiments are
performed in the same mother–lamb pairs will be important

for characterizing intake throughout the neonatal period after
IUGR and its relationship with neonatal catch-up growth. A
retrospective power calculation based on the measured variation
within groups in this study indicates that a sample size of nine per
group would be required to provide 80% power to detect treat-
ment/birth weight group and sex effects of 50% on milk intake.
Therefore, future studies in a larger sample are required to con-
firm the data. The available sample also did not provide sufficient
numbers to be able to examine the effect of differences in sex
combinations within twin pairs on the outcomes, something
which might also have the potential to affect these outcomes.
In summary, the results of the present study suggest that PR is

not associated with an increase in milk intake in either absolute or
relative terms in twin lambs in the first 3 weeks after birth, and
was actually associated with a decreased suckling frequency at
15 days of age, particularly in males. Comparisons of heavier and
lighter twins within each litter suggested that twins who are
relatively lighter at birth do not consume higher volumes of milk
in either absolute and relative terms than theirHBW counterpart,
indicating that natural or experimentally induced restriction of
growth before birth does not lead to increased neonatal milk
consumption in lambs reared as twins. The greater numbers of
total and unsuccessful feeding attempts in LBW compared with
HBW twin female lambs is, however, consistent with our pre-
vious finding of increased suckling attempts in PR lambs, and
supports the hypothesis of increased feeding drive after natural or
induced IUGR. To maximize potential effects of PR, and mini-
mize potential naturally induced IUGR within CON groups, we
suggest that future mechanistic studies of catch-up growth in the
PR sheep be performed in singletons.
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