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The Use of Domestic Animals as Biomedical Models
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Abstract

Animal models are of critical importance in biomedical research. Although rodents and lagomorphs are the most commonly
used species, larger species are required, especially when surgical approaches or new medical devices have to be evaluated. In
particular, in the field of perinatal medicine, they are critical for the evaluation of new pharmacologic treatments and the
development of new invasive procedures in fetuses. In some areas, such as developmental genetics, reproductive biotechnologies
and metabolic programming, the contribution of ruminants is essential. The current report focuses on some of the most outstanding
examples of great biomedical advances carried out with ruminant models in the field of perinatal research. Experiments recently
carried in our research unit using ruminants are also briefly described.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

As a consequence of obvious ethical considerations
concerning what is feasible or not in the field of human

biomedical research, animal models are of critical im-
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portance both for medical doctors, veterinarians and
scientists. Many species have been and are currently
used as animal models. Rodents and lagomorphs are the
most popular, essentially because of their low cost,
handling, and rearing facilities, limited ethical impact,
and the availability of a wide range of genetic research
tools in these species. Nevertheless, the physiological
mechanisms observed in these species might be very
different from those of humans, especially in the peri-
natal field, because of their large number of fetuses and
short gestation length.

Large animal species are required when surgical
approaches or new medical devices have to be evalu-
ated. The adult pig is widely used in these situations, as
well as ruminants, such as the sheep and the goat. The
pig, however, is polycotous and fetal size is small
compared with that of human, making it a less suitable
model compared with small ruminants for research on
the fetoplacental unit. Concerning physiologic, ana-
tomic, and genetic considerations, large primates could
be considered as the “gold standard” animal model
because of their important similarities to humans. Their
use for biomedical research, however, is greatly limited
by their behavioral and social organization, raising im-
portant ethical questions and their high cost.

A very large number of experiments using ruminants
as animal models have been published. A rapid biblio-
metric analysis performed using the PubMed database
from 1969 to 2012 retrieved 1194 literature reviews
using the Mesh keywords “ruminant and animal
model”. Six hundred forty-one references were avail-
able only for the year 2011 using the same Mesh re-
search and covering all types of publications. The sheep
is the most widely used ruminant model, and no less
than 7461 publications can be found using the Mesh
keywords “sheep and animal model”. As a conse-
quence, it appears neither possible nor suitable to carry
out an exhaustive overview of all the research possi-
bilities offered by the different ruminant models. The
current report focuses on the most outstanding exam-
ples of great biomedical advances carried out with
ruminant as models in the field of perinatal research
(i.e., during embryonic, fetal, and placental develop-
ment), which is our field of expertise.

We chose to develop a limited number of examples
of ruminant model-based approaches covering the ma-
jor fields of biomedical research: organ development
and fetal physiology, evaluation and development of
new pharmacologic treatments, new invasive proce-
dures in fetuses, gestational imaging, and evaluation of

the mechanism and consequences of fetal program-
ming. The experiments that appeared to best illustrate
each perinatal research topic are presented and put into
their clinical context.

2. Reproductive technologies

The contribution of ruminants to embryo production
and embryo manipulation is immense: since the first
embryo transfer in cattle in 1950 [1,2], the industry has
developed and benefited from the possibility to perform
nonsurgical embryo transfer, to synchronize cycles be-
tween donors and recipients, and to freeze embryos,
reaching more than 700 000 embryos produced world-
wide in 2010 [3]. Sheep were also the first ever mam-
malian species to be successfully born after nuclear
transfer of embryonic [4] or somatic cells [5]. In the
current context, the use of artificial reproductive tech-
nologies (ART) is developing very rapidly (European
Union being the leader with 458 759 treatment cycles
reported in 32 European countries in 2006, initiating
approximately 54% of all reported ART cycles world-
wide in 2010 [6], whereas 1% of all births were derived
from ART in the United States in 2010; http://www.
cdc.gov/art/PDF/NationalActionPlan.pdf), the experi-
ence gained from ruminants is unvaluable. In particular,
they had a unique role for pinpointing the importance of
embryo culture conditions on long-term development,
with the development of the large offspring syndrome
or abnormal offspring syndrome [7–9] in association
with some embryo culture conditions (i.e., the addition
of human serum to culture medium and coculture of
embryos) [10,11]. Studies on ruminants have subse-
quently been a landmark for evidencing the role of
epigenetic modifications in the early embryo in modi-
fying the phenotype of a developing individual [12–
15]. Such striking pathologies have not been observed in
humans after ART, maybe because in vitro maturation of
oocytes is so far rarely performed routinely and because
embryos are usually transferred at the two- to four-cell
stage. A controversial increase in pathologies, such as the
Beckwith-Wiedeman or the Simpson-Golabi syndromes,
which are due to imprinting perturbations, has, however,
been associated with ART [16]. Moreover, increased ad-
iposity has been observed in adolescents born after intra
cytoplasmic sperm injection [17].

3. Implantation and immunology of pregnancy

Although the placentation is very different in rumi-
nants versus primates (i.e., late implantation vs. early

implantation; epitheliochorial vs. hemochorial placen-

http://www.cdc.gov/art/PDF/NationalActionPlan.pdf
http://www.cdc.gov/art/PDF/NationalActionPlan.pdf
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tation in primates and ruminants, respectively). How-
ever, the short gestation length and the specificities of
the murine placenta make it a less than ideal model for
studying immunologic processes during pregnancy
[18]. The role of the immunosuppressive interferon tau,
of trophodectoderm origin, in the maternal recognition
of pregnancy was initially shown in sheep [19]. In early
gestation, through the use of uterine ligatures, the sys-
temic and paracrine regulation of events taking place in
the pregnant horn can be studied. Thus, it was shown
that the dynamic changes of lymphocyte populations
CD45R� and T-�� in the endometrium during gesta-
ion are not affected by the local embryonic secretions
20]. Female lambs treated with a synthetic analogue of
rogesterone in the first 2 mo after birth lack endome-
rial glands as adults (uterine glands knockout or
GKO phenotype) and this affects embryo elongation

nd subsequent survival [21]. Using this model, it was
hown that progesterone treatment can restore func-
ional endometrial glands and delay the rejection of
llogenic tissues placed in the uterus of nonpregnant
GKO or control ewes [22,23]. The availability of
enomic tools as well as the possibility to produce
mbryos in vitro has also enabled the study of endo-
etrial response to embryos of different origin in cattle.
ence, it was shown that the uterus responds differ-

ntly to in vivo- or in vitro-produced embryos of dif-
erent developmental potential [24,25], which may be
f major interest for understanding which parameters
re important for implantation in humans [26,27].

. Organ development and fetoplacental
hysiology

Because of its size and developmental rate close to
hat of the human fetus, the sheep fetus is a unique tool
o study fetal physiology. Many of what was initially
nown on placental blood flow and amniotic fluid reg-
lation was first demonstrated in sheep or goats [28]. In
he UK, early work by Comline and Silver, who devel-
ped fetal catheterism in cows, sheep, and horses as a
eans to finely observe and challenge fetal develop-
ent [29–32], as well as the work of Thorburn and
asset in Australia [33–35], led the path to the under-

tanding of the physiological regulation of the growth
nd function of many organs, including adrenal, pan-
reas, and lung. The small ruminant model is still con-
idered as a key to the understanding of fetal and
lacental physiology in fields as varied as cardiac de-
elopment [36], lung physiology [37], skeletal devel-

pment [38], endocrinology [39], and behavior [40]. w
Examples of the contribution of physiological stud-
es on ruminants to biomedical research are numerous.
mong the most important, the pregnant sheep model
as been historically used for research on the initiation
f parturition and fetal maturation [41–43]. The under-
tanding of the role of the glucocorticoids has led to
heir use in human pregnancies at high risk for preterm
elivery, which has been a major step in the prevention
f respiratory distress syndrome (RDS) and other mor-
idities in the preterm newborn. The antenatal gluco-
orticoid treatments were first evaluated by Liggins in
he sheep in 1969 [44]. Thanks to these very promising
bservations with premature deliveries of fetal lambs
nfused with glucocorticoids, in which pulmonary mat-
ration appeared greatly improved, Liggins ran the first
linical controlled trial of antenatal glucocorticoid
reatment in pregnant women, which was published in
972 [45]. The rate and severity of RDS were demon-
trated to be decreased in premature newborns of moth-
rs who had received antenatal courses of glucocorti-
oids. Subsequently, this led to extensive research
bout glucocorticoids and other hormones as regulators
f lung development. The maturational effects of ante-
atal glucocorticoids were established in the lung, but
lso in several other organ systems, such as the brain
nd the digestive tract [46,47].

Glucocorticoids acutely change the structure in fetal
ung by thinning the mesenchyma and decreasing alve-
lar septation [48,49]. The clinical result is that lung
ompliance and gas exchange are improved [50], with
reduction in the risk of RDS by about 50% with a

ingle course of treatment. Glucocorticoid administra-
ion to pregnant women at high risk for preterm deliv-
ry is now recommended worldwide. The effects of
ntenatal and early postnatal glucocorticoid treatment
ere evaluated in rodents, rabbits, and other small

nimals with short gestational duration. The develop-
ental period at which the saccular lung begins to

lveolarize, however, is markedly different in these
pecies when compared with sheep or humans and thus
he effects on the lungs could not be demonstrated as
uch.

Intrauterine fetal growth restriction, which markedly
ffects the head circumference of the newborn, is the
ajor side effect of glucocorticoids during pregnancy.
his side effect was first observed in sheep: in fetal
heep, a single maternal dose of betamethasone given at
bout 70% gestation decreases fetal weight by about
1%, which represents 3 days of growth arrest [48]. A
imilar growth arrest in humans would decrease fetal

eight by about 4.8%, which is not easily detectable.
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These side effects were confirmed in humans in the late
90s and led to more caution in the use of glucocortico-
ids during pregnancy.

The pregnant sheep is considered an essential model
for the evaluation of the effects of antenatal glucocor-
ticoids because of its gestational length and several
fetal characteristics, such as weight at term, weight gain
during the third part of the pregnancy, and alveolar
maturation. It is still widely used for the evaluation of
several end points, such as the impact of repeated
courses or new pharmaceutical forms of glucocortico-
ids on fetal and newborn development [51–53].

Another of the countless examples of the importance
of small ruminants is related to gonadal development.
The timing of gonadal development during fetal life is
close to humans in ruminants, with meiosis and follicu-
logenesis taking place during gestation as opposed to in
rodent where folliculogenesis begins after birth [54,55].
This is important for the study of the effects of excess
endogenous steroids [56,57], endocrine disrupters
[58,59], and maternal nutrition [60] on reproductive
function [61].

5. New invasive and noninvasive procedures
during pregnancy

The pregnant sheep was previously described as a
very suitable animal model for the evaluation of fetal
invasive procedures [62,63]. This model is particularly
adapted for such research protocols because of the size
of the fetus and the length of the gestation which
enables a long-term in utero follow-up. The absence of
uterine contractions during procedures represents an-
other advantage of this model.

Because of its similarity with the human fetus in size
and anatomy, the ovine fetus has been the animal model
of choice for developing new techniques in fetal sur-
gery [64,65]. This model was widely used both for
reproducing several developmental abnormalities fre-
quently observed in human fetuses and evaluate new in
utero therapeutic approaches. Some of the most demon-
strative examples, which gained recent validation as
valuable therapies in human fetuses, are certainly the
surgical treatment of myelomeningocele defects, a cur-
rent central nervous system disorder leading to severe
nervous damage in the newborn, and the so-called
PLUG therapy which consists of the placement of an
intratracheal balloon in fetuses presenting with a con-
genital diaphragmatic hernia [66,67].

Our group has been involved in evaluating the man-

agement of monochorionic twins. In humans, mono-
chorionic twin pregnancies can be complicated by the
malformation of a twin, twin reversed arterial perfusion
sequence, or twin-to-twin transfusion syndrome. In
these cases, selective termination of a twin can be the
only option for saving the other fetus [68]. Because of
placental vascular anastomoses between the twins, it is
not possible to use a fetal intravascular injection of
potassium chloride solution or lidocaine [69]. As a
consequence, a selective occlusion of the umbilical
cord of the terminated twin is usually performed. Tech-
niques, such as bipolar forceps, laser coagulation, and
cord ligation under echoguidance or fetoscopy have
been developed [69]. However, they require the intro-
duction of instruments with a diameter of 2 to 5 mm
within the amniotic cavity, thus increasing the risk for
rupturing the membranes and inducing premature labor.

Radiofrequency (RF) is a mini-invasive thermo-ab-
lative procedure. It has been recently evaluated as po-
tentially more appropriate for selective termination of
pregnancy. Encouraging results of RF procedures ap-
plied for selective termination of acardiac twins in
pregnant women were published since 2002 [70,71].
The interest of RF in reducing the risk of rupture of the
membranes was confirmed. However, despite the fact
that the umbilical cord blood flow was successfully
stopped in the 29 described procedures, the delay be-
tween the beginning of the procedure and the complete
occlusion of the umbilical cord could not be precisely
defined in humans.

Radiofrequency efficacy for umbilical cord occlu-
sion was further evaluated experimentally in vitro [72]
and in vivo in fetal sheep (Fig. 1) [73]. It was shown
that the target temperature (100 °C in these experi-
ments) was reached 180 sec after the beginning of the
procedure in vitro and 154 sec in vivo. The in vitro
findings showed that the vascular occlusion, evaluated
by monitoring the cord perfusion pressure, occurred
only when the target temperature was reached.

The absence of immediate cord occlusion was con-
sidered as a possible risk of exsanguination of the
surviving twin into its terminated cotwin before the end
of the procedure. This critical end point led to increased
cautiousness for the use of RF in human pregnancies. It
also called for a long-term follow-up of the neurode-
velopment of the surviving twins in which the proce-
dure had already been applied [74].

In this example, the cord diameter and vascular
fluxes of fetal sheep at 90 days’ gestation were similar
to those of human fetuses at 26-wk gestation, which is

the usual stage for such procedures.
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Noninvasive methods to visualize the fetus also
need to be either developed or validated in human-
size animals. Advances in ultrasound imaging now
enable noninvasive 3-D volume and Doppler signal
quantification using automatic acquisitions. The
power Doppler angiography (PDA) is a new tool to
study blood flow within an organ or volume of in-
terest (VOI). This noninvasive technique is safe dur-
ing pregnancy, as contrast agents or exposure to
radiation are not needed [75].

In humans, impaired placental perfusion can lead to
evere diseases, such as intrauterine growth retardation
nd pre-eclampsia. These pathologies represent up to
0% of maternal and fetal perinatal morbidity and can
ead to fetal and maternal death. The diagnosis is cur-
ently performed only at a late stage of the disease,
hen the termination of pregnancy is the only treatment

vailable, usually leading to severe prematurity. The
valuation of the uteroplacental perfusion might be of
reat clinical interest but is not directly feasible with
he current imaging techniques.

Preliminary reports suggest that impaired uteropla-
ental perfusion could be diagnosed in humans using
he PDA technology [76–79] and could thus enable the

implementation of preventive treatments. With the
PDA, the perfusion within the VOI is not defined in
terms of mL per min or vascular resistance indexes, but
three quantified indexes are used. The vascularization
index (VI) is the ratio of color voxels to gray voxels,
given as a percentage. The flow index (FI) represents
the mean power Doppler signal intensity value. The
vascularization flow index (VFI) which is calculated as
VFI � VI � FI/100. Flow index and VFI are expressed
s absolute values between 0 and 100. These quantified

Fig. 1. Surgical procedure for radiofrequency (RF) occlusion of the
performed, fetus and cord are exposed, and RF electrode (arrow) is v
electrode inserted into the cord.
DA indexes are representative of the number and D
ntensity of color voxels within a VOI. The relationship
etween PDA indexes and blood flow was recently
tudied in vitro using a nylon particle-based blood
imicking liquid within different ultrasound test tanks

79,80]. In these models, VI, FI, and VFI were signif-
cantly affected by volume flow, vessel number, and the
oncentration of nylon particles. The indexes were also
ffected by variations in machine settings. These results
ere confirmed in an in vitro human placenta perfusion

etting [81]. While relevant information was provided
ith in vitro models, the in vivo correlation between
DA indexes and blood flow within the uteroplacental
nit had not been demonstrated.

Our experimental study in vivo in a pregnant sheep
odel confirmed a significant correlation between real

lood perfusion and quantitative 3-D Doppler indexes
easured within the uteroplacental unit [82]. The preg-

ant sheep model was chosen because of its large size,
llowing 3-D ultrasound acquisitions with the same
quipment and probe as in pregnant women, and the
perative facilities in this model.

A sensor measuring blood flow and a controllable
ascular occlusion system were placed around the com-
on uterine artery, while all the other arterial supplies
ere ligated (Fig. 2). Several occlusion levels were

pplied and 3-D Doppler acquisitions of placentomes
ere concomitantly realized, using standardized set-

ings. Each placentome was analyzed with the VOCAL
oftware version 4 (GE Medical Systems, Zipf, Austria)
Fig. 3). High correlations between PDA indexes and
lood flow were confirmed [82]. Reproducibility was
xcellent both for intra- and interobserver, with intra-
lass correlation coefficients of at least 0.799.

These results confirmed the potential interest of 3-D

ical cord in sheep. (A) Under general anesthesia, a hysterotomy is
inserted into the cord. (B) Ultrasonographic visualization of the RF
umbil
isually
oppler ultrasound for the assessment of placental vas-



levels,

1768 O. Morel et al. / Theriogenology 78 (2012) 1763–1773
cular insufficiencies both in clinical cases and in a
research setting. Such invasive experiments, calling for
a surgical approach of the uterine vascular supplies
during an ongoing pregnancy, could be performed only
in animal models presenting a pelvic vasculature anat-
omy close to that of pregnant women, and a large
enough size, such as the sheep.

6. Study of the mechanisms and consequences of
the developmental origins of health and diseases

Dietary restriction during pregnancy can lead to var-
ious consequences on offspring growth and develop-
ment, such as a higher risk of developing a metabolic
syndrome in humans [83–86]. These observations were
confirmed in rodents and sheep models, leading to
extensive work on the fetal and postnatal consequences
of maternal feed restriction [87–91]. Most of the work
is currently performed in rodents, however, when
changes in the nutritional behavior, such as overfeed-
ing, are observed in kids born to dams that were

Fig. 2. Modulation and measurement of the blood flow within the uterin
CA, USA) before (top) and after (bottom) filling the balloon that provid
with CRA10 connector, Emka) used for real time assessment of the blood
horn (arrowhead) after median laparotomy and dissection of the common
the common uterine artery (arrowhead) of the pregnant horn at 2 cm far f
ligated. (E) Placement of the flow sensor (arrowhead) 1 cm downstream f
Technologies USA, Falls Church, VA, USA) with increasing occlusion
underfed during gestation. Despite their epithelio-
chorial placentation which is different from that of
humans, ruminant models are important to study fetal
programming as they have long pregnancies, making
it possible for chronic fetoplacental adaptations to
take place [92]. Moreover, surgical removal of en-
dometrial caruncles, which are the endometrial coun-
terpart of the fetal cotyledon during placentation, is a
physiological way to induce intrauterine growth re-
tardation because of placental insufficiency [93],
whereas approaches developed in rodents, such as
uterine ligation are less effective and induce con-
founding factors, such as inflammatory processes
[94,95]. Single and twin pregnancies can be easily
obtained, and many studies indicate the difference in
response between singleton and twin pregnancies
[96 –100], thus indicating that these must be ana-
lyzed separately and shedding some concern upon
polycotous species. As discussed above, fetal
growth, placental function, and uterine vasculariza-
tion can also easily be monitored with conventional
ultrasound equipment [101]. Moreover, genomic

. (A) In vivo Metric 6 mm occluder (OC6, In Vivo Metric, Healdsburg,
sion. (B) Invasive quantitative flow sensor (Transonic, S serial, 4 mm,
xpressed in mL per min) within a vessel. (C) Exposition of the pregnant
artery (arrowhead). (D) Placement of the occluder (arrowhead) around
primary split. All the other uterine arterial supplies were concomitantly

vascular occluder. (F) Flow data as recorded with IOX 4 software (Emka
from 0 to 100%.
e artery
es occlu
flow (e
uterine

rom the
rom the
tools are becoming increasingly available in these
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species and enable extensive exploration of gene
expression in various tissues.

As for fetoplacental physiology, reports on the ef-
fects of impaired placental function or abnormal ma-
ternal food intake on fetal adaptation and subsequent
postnatal obesity and metabolic disturbances, using ru-
minants and other animals as models, have been sum-
marized elsewhere [102]. Here we provide one example
from our group, dealing with the programming of nu-
tritional behavior, where the ruminant model was used.

Our group recently studied the effects of nutritional
restriction of gestating goats on the physiology and
feeding behavior of their offspring. Food intake regu-
lation is mainly controlled by the hypothalamus. In
sheep and goats, as in humans, the maturation of this
central organ of regulation occurs during late gestation
[103], concomitantly with the acceleration of brain de-
velopment [104], in contrast to rodents where it occurs
after birth. Therefore, observed effects of maternal un-
dernutrition of food intake in rats needed to be con-
firmed in a ruminant model, closer to humans in terms
of hypothalamic maturation. Underfed or control preg-
nant Alpine or Saanen goats were used. The underfed

Fig. 3. Placentome analysis using the VOCAL software version
three-dimensionally. Plane A of each acquired volume was used as a
of the maternal side of each placentome was outlined (yellow dotted
this example). Three quantitative 3-D Doppler indexes were automatic
index [VI], flow index [FI], and vascularization flow index [VFI]).
goats received from 50% to 80% of the amount of a
total mixed ration given to control goats during the last
third of pregnancy, which affected their own metabo-
lism and feeding behavior [105]. Twin and triplet off-
spring were studied postnatally. At birth, only male kids
were growth retarded but rapidly caught up, and there
were no changes in feeding behavior, morphology, or
metabolism before weaning at 5 wk of age [106]. In
contrast, female offspring from the restricted group had a
higher cortisol response to adrenocorticotropic hormone
challenge at 14 mo of age and remained lighter despite a
higher daily feed intake and a tendency to eat more rapidly
up to 2 yr of age [107], thus underlining the importance of
studying long-term effects of fetal perturbations.

7. Conclusions

As a consequence of indisputable ethical consider-
ations in humans, the animal models are of critical
importance for biomedical research and especially in
the field of perinatal medicine. Much scientific prog-
ress, past, present, and future, in human medicine
would have been and still are impossible to obtain

Medical systems, Zipf, Austria). Each placentome was rebuilt
attern. A rotational multiplanar technique was applied. The contour
fter rotating the volume every 30°, 15°, or 9° (30° rotation angle in
erated by the histogram function of the VOCAL (i.e., vascularization
4 (GE
work p
line) a

ally gen
without the use of animal models.
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In pregnant women, in most of the cases, clinical
trials to evaluate new biomedical approaches can and
should be performed, only after first steps validations of
safety and potential efficiency in a suitable animal
model. Furthermore, the models allow an easier and
faster understanding of pathologies and consequences
of treatments or stresses during pregnancy. They pro-
vide simplified and controlled observations, without the
vagaries that can occur in clinical trials in human.

As developed above, ruminant animal models are of
critical importance for directing clinical investigators
toward effects which may occur and be clinically im-
portant in many fields of perinatal biomedical research.
These considerations call for a policy to maintain and
develop research structures on ruminant models, in
terms of (1) multidisciplinary human skills, involving
medical doctors, veterinarians, and scientists, (2) live-
stock capacities of animal models, and (3) advanced
research equipment, at a time when research on farm
animals is seriously threatened both in the United States
and in Europe [108].

References

[1] Willett EL, Black WG, Casida LE, Stone WH, Buckner PJ.
Successful transplantation of a fertilized bovine ovum. Science
1951;113:247.

[2] Willet EL, Buckner PJ, Larson GL. Three successful trans-
plantations of fertilized bovine eggs. J Dairy Sci 1953;36:
520–3.

[3] Stroud B. The year 2010 worldwide statistics of embryo trans-
fer in domestic farm animals. Embryo Transfer Newsletter
2011;9:14–23.

[4] Willadsen SM. Nuclear transplantation in sheep embryos. Na-
ture 1986;320:63–5.

[5] Wilmut I, Schnieke AE, McWhir J, Kind AJ, Campbell KH.
Viable offspring derived from fetal and adult mammalian cells.
Cloning Stem Cells 2007;9:3–7.

[6] ESHRE. European Society of Human Reproduction and En-
docrinology: ART fact sheet, Oxford Journals, June 2010 edi-
tion. 2010.

[7] Walker SK, Hartwich KM, Seamark RF. The production of
unusually large offspring following embryo manipulation:
concepts and challenges. Theriogenology 1996;45:111–20.

[8] Farin PW, Piedrahita JA, Farin CE. Errors in development of
fetuses and placentas from in vitro-produced bovine embryos.
Theriogenology 2006;65:178–91.

[9] Young LE, Sinclair KD, Wilmut I. Large offspring syndrome
in cattle and sheep. Rev Reprod 1998;3:155–63.

[10] Sinclair K, Young LE, Wilmut I, Mc Evoy TG. In utero
outgrowth in ruminants following embryo culture: lessons
from mice and a warning to men. Hum Reprod 2000;
15(Suppl 5):68 – 86.

[11] Sinclair KD. Assisted reproductive technologies and preg-
nancy outcomes: mechanistic insights from animal studies.

Semin Reprod Med 2008;26:153–61.
[12] Young LE, Fernandes K, McEvoy TG, Butterwith SC, Guti-
errez CG, Carolan C, et al. Epigenetic change in IGF2R is
associated with fetal overgrowth after sheep embryo culture.
Nat Genet 2001;27:153–4.

[13] Sinclair KD, Allegrucci C, Singh R, Gardner DS, Sebastian S,
Bispham J, et al. DNA methylation, insulin resistance, and
blood pressure in offspring determined by maternal pericon-
ceptional B vitamin and methionine status. Proc Natl Acad Sci
U S A 2007;104:19351–6.

[14] Rooke JA, McEvoy TG, Ashworth CJ, Robinson JJ, Wilmut
I, Young LE, et al. Ovine fetal development is more sen-
sitive to perturbation by the presence of serum in embryo
culture before rather than after compaction. Theriogenology
2007;67:639 – 47.

[15] Duranthon V, Watson AJ, Lonergan P. Preimplantation em-
bryo programming: transcription, epigenetics, and culture en-
vironment. Reproduction 2008;135:141–50.

[16] Eroglu A, Layman LC. Role of ART in imprinting disorders.
Semin Reprod Med 2012;30:92–104.

[17] Belva F, Painter R, Bonduelle M, Roelants M, Devroey P, De
Schepper J. Are ICSI adolescents at risk for increased adipos-
ity? Hum Reprod 2012;27:257–64.

[18] Moffett A, Loke C. Immunology of placentation in eutherian
mammals. Nat Rev Immunol 2006;6:584–94.

[19] Martal JL, Chêne NM, Huynh LP, L’Haridon RM, Reinaud
PB, Guillomot MW, et al. IFN-tau: a novel subtype I IFN1.
Structural characteristics, non-ubiquitous expression, struc-
ture-function relationships, a pregnancy hormonal embryonic
signal and cross-species therapeutic potentialities. Biochimie
1998;80:755–77.

[20] Majewski AC, Tekin S, Hansen PJ. Local versus systemic
control of numbers of endometrial T cells during pregnancy in
sheep. Immunology 2001;102:317–22.

[21] Spencer TE, Bazer FW. Uterine and placental factors regulat-
ing conceptus growth in domestic animals. J Anim Sci 2004;
82:E4–E13.

[22] Hansen PJ. Regulation of uterine immune function by proges-
terone–lessons from the sheep. J Reprod Immunol 1998;40:
63–79.

[23] Padua MB, Tekin S, Spencer TE, Hansen PJ. Actions of
progesterone on uterine immunosuppression and endometrial
gland development in the uterine gland knockout (UGKO)
ewe. Mol Reprod Dev 2005;71:347–57.

[24] Mansouri-Attia N, Sandra O, Aubert J, Degrelle S, Everts RE,
Giraud-Delville C, et al. Endometrium as an early sensor of in
vitro embryo manipulation technologies. Proc Natl Acad Sci
U S A 2009;106:5687–92.

[25] Bauersachs S, Ulbrich SE, Zakhartchenko V, Minten M,
Reichenbach M, Reichenbach HD, et al. The endometrium
responds differently to cloned versus fertilized embryos. Proc
Natl Acad Sci U S A 2009;106:5681–6.

[26] Macklon NS, Geraedts JP, Fauser BC. Conception to ongoing
pregnancy: the “black box” of early pregnancy loss. Hum
Reprod Update 2002;8:333–43.

[27] Teklenburg G, Salker M, Molokhia M, Lavery S, Trew G,
Aojanepong T, et al. Natural selection of human embryos:
decidualizing endometrial stromal cells serve as sensors of
embryo quality upon implantation. PLoS One 2010;5:e10258.

[28] Barcroft J. Foetal respiration and circulation. In: Marshall’s
Physiology of Reproduction, Parkes AS (Ed.). Longmans,

Green, 1950, pp. 398–439.



1771O. Morel et al. / Theriogenology 78 (2012) 1763–1773
[29] Comline RS, Silver M. Daily changes in foetal and maternal
blood of conscious pregnant ewes, with catheters in umbilical
and uterine vessels. J Physiol 1970;209:567–86.

[30] Comline RS, Silver M. PO2, PCO2 and pH levels in the umbil-
ical and uterine blood of the mare and ewe. J Physiol 1970;
209:587–608.

[31] Comline RS, Hall LW, Lavelle RB, Nathanielsz PW, Silver M.
Parturition in the cow: endocrine changes in animals with
chronically implanted catheters in the foetal and maternal
circulations. J Endocrinol 1974;63:451–72.

[32] Comline RS, Hall LW, Lavelle R, Silver M. The use of
intravascular catheters for long-term studies on the mare and
fetus. J Reprod Fertil Suppl 1975:583–8.

[33] Thorburn GD. Hormonal control of parturition in the sheep
and goat. Semin Perinatol 1978;2:235–45.

[34] Hopkins PS, Thorburn GD. The effects of foetal thyroidec-
tomy on the development of the ovine foetus. J Endocrinol
1972;54:55–66.

[35] Bassett JM, Thorburn GD. The regulation of insulin secretion
by the ovine foetus in utero. J Endocrinol 1971;50:59–74.

[36] Thornburg K, Jonker S, O’Tierney P, Chattergoon N, Louey
S, Faber J, et al. Regulation of the cardiomyocyte popula-
tion in the developing heart. Prog Biophys Mol Biol 2011;
106:289 –99.

[37] Jellyman JK, Cheung CY, Brace RA. Amniotic fluid volume
responses to esophageal ligation in fetal sheep: contribution of
lung liquid. Am J Obstet Gynecol 2009;200:313.e1.

[38] Tatara MR. Neonatal programming of skeletal development in
sheep is mediated by somatotrophic axis function. Exp Physiol
2008;93:763–72.

[39] Forhead AJ, Cutts S, Matthews PA, Fowden AL. Role of
thyroid hormones in the developmental control of tissue
glycogen in fetal sheep near term. Exp Physiol 2009;94:
1079 – 87.

[40] Simitzis PE, Deligeorgis SG, Bizelis JA, Fegeros K. Feeding
preferences in lambs influenced by prenatal flavour exposure.
Physiol Behav 2008;93:529–36.

[41] Bassett JM, Thorburn GD. Foetal plasma corticosteroids and
the initiation of parturition in sheep. J Endocrinol 1969;44:
285–6.

[42] Challis JR, Thorburn GD. Prenatal endocrine function and the
initiation of parturition. Br Med Bull 1975;31:57–61.

[43] Thorburn GD. The fetus, pregnancy and parturition. Ann Rech
Vet Ann Vet Res 1977;8:428–37.

[44] Liggins GC. Premature delivery of foetal lambs infused with
glucocorticoids. J Endocrinol 1969;45:515–23.

[45] Liggins GC, Howie RN. A controlled trial of antepartum
glucocorticoid treatment for prevention of the respiratory
distress syndrome in premature infants. Pediatrics 1972;50:
515–25.

[46] Ballard PL. Hormones and lung maturation. In: Monographs
on Endocrinology, First Edition, Gross F, Grumbach MM,
Labhart A (Eds.). Springer-Verlag, 1986.

[47] Mendelson CR. Development and Surfactant Synthesis. Hu-
mana Press, 2000.

[48] Jobe AH, Newnham JP, Moss TJ, Ikegami M. Differential
effects of maternal betamethasone and cortisol on lung matu-
ration and growth in fetal sheep. Am J Obstet Gynecol 2003;
188:22–8.

[49] Massaro DJ, Massaro GD. The regulation of the formation

of pulmonary alveoli. In: Chronic Lung Disease in Early
Infancy, Bland RD, Coalson JJ (Eds.). Marcel Dekker,
2000, pp. 479 –92.

[50] Jobe AJ. The new BPD: an arrest of lung development. Pediatr
Res 1999;46:641–3.

[51] Challis JR, Sloboda D, Matthews SG, Holloway A, Alfaidy N,
Patel FA, et al. The fetal placental hypothalamic-pituitary-
adrenal (HPA) axis, parturition and post natal health. Mol Cell
Endocrinol 2001;185:135–44.

[52] Whittle WL, Patel FA, Alfaidy N, Holloway AC, Fraser M,
Gyomorey S, et al. Glucocorticoid regulation of human and
ovine parturition: the relationship between fetal hypothalamic-
pituitary-adrenal axis activation and intrauterine prostaglandin
production. Biol Reprod 2001;64:1019–32.

[53] Braun T, Li S, Sloboda DM, Li W, Audette MC, Moss TJM,
et al. Effects of maternal dexamethasone treatment in early
pregnancy on pituitary-adrenal axis in Fetal sheep. Endocri-
nology 2009;150:5466–77.

[54] Pannetier M, Mandon-Pépin B, Copelli S, Fellous M. Molec-
ular aspects of female and male gonadal development in mam-
mals. Pediatr Endocrinol Rev 2004;1:274–87.

[55] Rhind SM. Effects of maternal nutrition on fetal and neonatal
reproductive development and function. Anim Reprod Sci
2004;82–3:169–81.

[56] Veiga-Lopez A, Steckler TL, Abbott DH, Welch KB, Mohan-
Kumar PS, Phillips DJ, et al. Developmental programming:
impact of excess prenatal testosterone on intrauterine fetal
endocrine milieu and growth in sheep. Biol Reprod 2011;84:
87–96.

[57] Dumesic DA, Abbott DH, Padmanabhan V. Polycystic ovary
syndrome and its developmental origins. Rev Endocr Metab
Disord 2007;8:127–41.

[58] Fowler PA, Dorà NJ, McFerran H, Amezaga MR, Miller DW,
Lea RG, et al. In utero exposure to low doses of environmental
pollutants disrupts fetal ovarian development in sheep. Mol
Hum Reprod 2008;14:269–80.

[59] Rhind SM, Evans NP, Bellingham M, Sharpe RM, Cotinot C,
Mandon-Pepin B, et al. Effects of environmental pollutants on
the reproduction and welfare of ruminants. Animal 2010;4:
1227–39.

[60] Rae MT, Kyle CE, Miller DW, Hammond AJ, Brooks AN,
Rhind SM. The effects of undernutrition, in utero, on repro-
ductive function in adult male and female sheep. Anim Reprod
Sci 2002;72:63–71.

[61] Rhind SM, Elston DA, Jones JR, Rees ME, McMillen SR,
Gunn RG. Effects of restriction of growth and development of
Brecon Cheviot ewe lambs on subsequent lifetime reproduc-
tive performance. Small Rumin Res 1998;30:121–6.

[62] Ramsey EM. What we have learned about placental circula-
tion. J Reprod Med 1985;30:312–7.

[63] Dreyfus M, Becmeur F, Schwaab C, Baldauf JJ, Philippe L,
Ritter J. The pregnant ewe: an animal model for fetoscopic
surgery. Eur J Obstet Gynecol Reprod Biol 1997;71:91–4.

[64] Meuli M, Meuli-Simmen C, Yingling CD, Hutchins GM, Tim-
mel GB, Harrison MR, et al. In utero repair of experimental
myelomeningocele saves neurological function at birth. J Pe-
diatr Surg 1996;31:997–402.

[65] Eggink AJ, Roelofs LA, Feitz WF, Wijnen RM, Mullaart RA,
Grotenhuis JA, et al. In utero repair of an experimental neural
tube defect in a chronic sheep model using biomatrices. Fetal
Diagn Ther 2005;20:335–40.

[66] Benachi A, Chailley-Heu B, Delezoide AL, Dommergues M,

Brunelle F, Dumez Y, et al. Lung growth and maturation after



1772 O. Morel et al. / Theriogenology 78 (2012) 1763–1773
tracheal occlusion in diaphragmatic hernia. Am J Respir Crit
Care Med 1998;157:921–7.

[67] Adzick NS, Thom EA, Spong CY, Brock JW 3rd, Burrows
PK, Johnson MP, et al. A randomized trial of prenatal versus
postnatal repair of myelomeningocele. N Engl J Med 2011;
364:993–1004.

[68] Rossi AC, D’Addario V. Umbilical cord occlusion for selec-
tive feticide in complicated monochorionic twins: a systematic
review of literature. Am J Obstet Gynecol 2009;200:123–9.

[69] Sydorak RM, Feldstein V, Machin G, Tsao K, Hirose S, Lee H,
et al. Fetoscopic treatment for discordant twins. J Pediatr Surg
2002;37:1736–9.

[70] Tsao K, Feldstein VA, Albanese CT, Sandberg PL, Lee H,
Harrison MR, et al. Selective reduction of acardiac twin by
radiofrequency ablation. Am J Obstet Gynecol 2002;187:
635– 40.

[71] Lee H, Wagner AJ, Sy E, Ball R, Feldstein VA, Goldstein RB,
et al. Efficacy of radiofrequency ablation for twin-reversed
arterial perfusion sequence. Am J Obstet Gynecol 2007;196:
e451–4.

[72] Morel O, Tran N, Marchal F, Hennequin V, Foliguet B, Vil-
lemot JP, et al. Ultrasound-guided radiofrequency-driven um-
bilical cord occlusion: an in-vitro study. Ultrasound Obstet
Gynecol 2006;28:187–92.

[73] Morel O, Monceau E, Tran N, Malartic C, Morel F, Barranger
E, et al. Radiofrequency ablation of retained placenta accreta
after conservative management: preliminary evaluation in the
pregnant ewe and in normal human placenta in vitro Br J
Obstet Gynaecol 2009;116:915–22.

[74] Morel O, Malartic C, Barranger E. Radiofrequency ablation
for twin-reversed arterial perfusion sequence: the unknown
cord occlusion delay calls for long term neonatal follow-up
of the surviving twins. Am J Obstet Gynecol 2007;197:
557– 8.

[75] Welsh A. Quantification of power Doppler and the index
“fractional moving blood volume” (FMBV). Ultrasound Ob-
stet Gynecol 2004;23:323–6.

[76] Sibai B, Dekker G, Kupferminc M. Pre-eclampsia. Lancet
2005;365:785–99.

[77] Guiot C, Gaglioti P, Oberto M, Piccoli E, Rosato R, Todros T.
Is three-dimensional power Doppler ultrasound useful in the
assessment of placental perfusion in normal and growth-re-
stricted pregnancies? Ultrasound Obstet Gynecol 2008:31:
171–6.

[78] Noguchi J, Hata K, Tanaka H, Hata T. Placental vascular
sonobiopsy using three-dimensional power Doppler ultrasound
in normal and growth restricted fetuses. Placenta 2009;30:
391–7.

[79] Raine-Fenning NJ, Nordin NM, Ramnarine KV, Campbell
BK, Clewes JS, Perkins A, et al. Determining the relationship
between three-dimensional power Doppler data and true blood
flow characteristics: an in-vitro flow phantom experiment. Ul-
trasound Obstet Gynecol 2008;32:540–50.

[80] Raine-Fenning NJ, Nordin NM, Ramnarine KV, Campbell
BK, Clewes JS, Perkins A, et al. Evaluation of the effect of
machine settings on quantitative three-dimensional power
Doppler angiography: an in vitro flow phantom experiment.
Ultrasound Obstet Gynecol 2008;32:551–9.

[81] Jones NW, Hutchinson ES, Brownbill P, Crocker IP, Eccles D,
Bugg GJ, et al. In vitro dual perfusion of human placental

lobules as a flow phantom to investigate the relationship be-
tween fetoplacental flow and quantitative 3D power Doppler
angiography. Placenta 2009;30:130–5.

[82] Morel O, Pachy F, Chavatte-Palmer P, Bonneau M, Gayat E,
Laigre P, et al. Correlation between uteroplacental three-di-
mensional power Doppler indices and true uterine blood flow:
evaluation in a pregnant sheep model. Ultrasound Obstet Gy-
necol 2010;36:635–40.

[83] Barker DJ. The fetal origins of diseases of old age. Eur J Clin
Nutr 1992;46(Suppl 3):S3–9.

[84] Roseboom T, de Rooij S, Painter R. The Dutch famine and its
long-term consequences for adult health. Early Hum Dev
2006;82:485–91.

[85] Gluckman PD, Cutfield W, Hofman P, Hanson MA. The fetal,
neonatal, and infant environments-the long-term consequences
for disease risk. Early Hum Dev 2005;81:51–9.

[86] Painter RC, Roseboom TJ, Bleker OP. Prenatal exposure to the
Dutch famine and disease in later life: an overview. Reprod
Toxicol 2005;20:345–52.

[87] Bertram CE, Hanson MA. Animal models and programming of
the metabolic syndrome. Br Med Bull 2001;60:103–21.

[88] McMillen IC, Robinson JS. Developmental origins of the
metabolic syndrome: prediction, plasticity, and programming.
Physiol Rev 2005;85:571–633.

[89] Ford SP, Long NM. Evidence for similar changes in offspring
phenotype following either maternal undernutrition or overnu-
trition: potential impact on fetal epigenetic mechanisms. Re-
prod Fertil Dev 2011;24:105–11.

[90] Vaughan OR, Sferruzzi-Perri AN, Coan PM, Fowden AL.
Environmental regulation of placental phenotype: implications
for fetal growth. Reprod Fertil Dev 2011;24:80–96.

[91] McMillen IC, MacLaughlin SM, Muhlhausler BS, Gentili S,
Duffield JL, Morrison JL. Developmental origins of adult
health and disease: the role of periconceptional and foetal
nutrition. Basic Clin Pharmacol Toxicol 2008;102:82–9.

[92] Morrison JL. Sheep models of intrauterine growth restriction:
fetal adaptations and consequences. Clin Exp Pharmacol
Physiol 2008;35:730–43.

[93] Robinson JS, Kingston EJ, Jones CT, Thorburn GD. Studies on
experimental growth retardation in sheep. The effect of re-
moval of a endometrial caruncles on fetal size and metabolism.
J Dev Physiol 1979;1:379–98.

[94] Chavatte-Palmer P, Morel O, Pachy F, Tsatsaris V, Bonneau
M. Modèles animaux de retard de croissance intra-utérin
d’origine vasculaire. Bull Acad Vet Fr 2008;161:461–6.

[95] Neitzke U, Harder T, Schellong K, Melchior K, Ziska T,
Rodekamp E, et al. Intrauterine growth restriction in a rodent
model and developmental programming of the metabolic syn-
drome: a critical appraisal of the experimental evidence. Pla-
centa 2008;29:246–54.

[96] Rumball CW, Harding JE, Oliver MH, Bloomfield FH.
Effects of twin pregnancy and periconceptional undernutri-
tion on maternal metabolism, fetal growth and glucose-
insulin axis function in ovine pregnancy. J Physiol 2008;
586:1399 – 411.

[97] Hernandez CE, Matthews LR, Oliver MH, Bloomfield FH,
Harding JE. Effects of sex, litter size and periconceptional ewe
nutrition on offspring behavioural and physiological response
to isolation. Physiol Behav 2010;101:588–94.

[98] MacLaughlin SM, Walker SK, Kleemann DO, Tosh DN,
McMillen IC. Periconceptional undernutrition and being a

twin each alter kidney development in the sheep fetus during



[

[

[

[

[

[

[

[

[

1773O. Morel et al. / Theriogenology 78 (2012) 1763–1773
early gestation. Am J Physiol Regul Integr Comp Physiol
2010;298:R692–9.

[99] Miller DR, Blache D, Jackson RB, Downie EF, Roche JR.
Metabolic maturity at birth and neonate lamb survival: asso-
ciation among maternal factors, litter size, lamb birth weight,
and plasma metabolic and endocrine factors on survival and
behavior. J Anim Sci 2010;88:581–92.

100] Green AS, Macko AR, Rozance PJ, Yates DT, Chen X, Hay
WW, et al. Characterization of glucose-insulin responsiveness
and impact of fetal number and sex difference on insulin
response in the sheep fetus. Am J Physiol Endocrinol Metab
2011;300:E817–23.

101] Vonnahme KA, Lemley CO. Programming the offspring
through altered uteroplacental hemodynamics: how maternal
environment impacts uterine and umbilical blood flow in cat-
tle, sheep and pigs. Reprod Fertil Dev 2011;24:97–104.

102] Harding JE, Jaquiery AL, Hernandez CE, Oliver MH, Derraik
JGB, Bloomfield FH. Animal studies of the effects of early
nutrition on long-term health. In: Early Nutrition: Impact on
Short and Long-Term Health: Nestlé Institute Workshop Se-
ries, Pediatric Program, van Goudoever H, Guandalini S,

Kleinman R (Eds.). Basel, Switzerland: Karger 2011, pp. 1–16.
103] Dobbing J, Sands J. Comparative aspects of the brain growth
spurt. Early Hum Dev 1979;3:79–83.

104] Pierson LL, Gerhardt KJ, Griffiths SK, Abrams RM. Auditory
brainstem response in sheep. Part I: fetal development. Dev
Psychobiol 1995;28:293–305.

105] Laporte-Broux B, Duvaux-Ponter C, Roussel-Huchette S,
Promp J, Chavatte-Palmer P, Ponter AA. Restricted feeding of
goats during the last third of gestation modifies both metabolic
parameters and behaviour. Livest Sci 2011;138:74–88.

106] Laporte-Broux B, Roussel S, Ponter AA, Perault J, Chavatte-
Palmer P, Duvaux-Ponter C. Short-term effects of maternal
feed restriction during pregnancy on goat kid morphology,
metabolism, and behavior. J Anim Sci 2011;89:2154–63.

107] Laporte-Broux B, Roussel S, Ponter AA, Giger-Reverdin S,
Camous S, Chavatte-Palmer P, et al. Long-term consequences
of feed restriction during late pregnancy in goats on feeding
behavior and emotional reactivity of female offspring. Physiol
Behav 2012;106:178–84.

108] Roberts RM, Smith GW, Bazer FW, Cibelli J, Seidel GE,
Bauman DE, et al. Research priorities. Farm animal research in

crisis. Science 2009;324:468–9.


	The use of ruminant models in biomedical perinatal research
	1. Introduction
	2. Reproductive technologies
	3. Implantation and immunology of pregnancy
	4. Organ development and fetoplacental physiology
	5. New invasive and noninvasive procedures during pregnancy
	6. Study of the mechanisms and consequences of the developmental origins of health and diseases
	7. Conclusions
	References


