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Placental angiogenesis in sheep models

of compromised pregnancy
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Because the placenta is the organ that transports nutrients, respiratory gases and wastes
between the maternal and fetal systems, development of its vascular beds is essential to
normal placental function, and thus in supporting normal fetal growth. Compromised fetal
growth and development have adverse health consequences during the neonatal period
and throughout adult life. To establish the role of placental angiogenesis in compromised
pregnancies, we first evaluated the pattern of placental angiogenesis and expression of angiogenic
factors throughout normal pregnancy. In addition, we and others have established a variety
of sheep models to evaluate the effects on fetal growth of various factors including maternal
nutrient excess or deprivation and specific nutrients, maternal age, maternal and fetal genotype,
increased numbers of fetuses, environmental thermal stress, and high altitude (hypobaric)
conditions. Although placental angiogenesis is altered in each of these models in which
fetal growth is adversely affected, the specific effect on placental angiogenesis depends on
the type of ‘stress’ to which the pregnancy is subjected, and also differs between the fetal
and maternal systems and between genotypes. We believe that the models of compromised
pregnancy and the methods described in this review will enable us to develop a much
better understanding of the mechanisms responsible for alterations in placental vascular

development.
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‘The [umbilical] vessels join on the uterus like the roots
of plants and through them the embryo receives its
nourishment’.

Aristotle, On the Generation of Animals (ca 340 Bc).

The importance of the placental circulation to fetal growth
has been recognized since ancient times, as the above
quotation from Aristotle makes abundantly clear (see
Reynolds et al. (2005b) for a brief review of this history).
More recently, Lawrence Longo (1972) put a modern spin
on this concept when he stated:

‘The fetal “lifeline” thus includes an adequate maternal
placental circulation and supply of blood nutrients,
a placenta that transports and metabolizes various
substances properly and a functional fetal placental
circulation.’

Thus, adequate blood flow to the placenta is critical
for normal fetal growth, and it is not surprising that
conditions that affect fetal growth, such as maternal and
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fetal genotype, increased numbers of fetuses, maternal
nutrient excess or deprivation, environmental thermal
stress, and high altitude (hypobaric) conditions, typically
have similar effects on placental size, and also are associated
with reduced rates of fetal oxygen and nutrient uptake,
as well as reduced placental angiogenesis and blood flow
(Walton, 1938; Ebbs et al. 1942; Mckeown & Record,
1953; Eckstein et al. 1955; Hunter, 1956; Joubert &
Hammond, 1958; Alexander, 1964; Alexander & Williams,
1971; Turman et al. 1971; Rattray et al. 1974; Corah
et al. 1975; Sreenan & Beehan, 1976; Knight et al. 1977;
Thompson et al. 1982; Reynolds et al. 1985; Ferrell, 1991;
Ferrell & Reynolds, 1992; Reynolds & Redmer, 1995, 2001;
Reynolds et al. 2002; Vonnahme et al. 2001, 2002; Anthony
et al. 2003). The critical role of the placental blood supply
is confirmed by the observation that intrauterine growth
restriction (IUGR) in third-trimester human pregnancies
is characterized by impaired uterine (maternal placental)
and umbilical (fetal placental) blood flows, leading to
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reduced fetal nutrient uptake as well as fetal hypoxia, hypo-
glycaemia and asymmetric organ growth (Pardi et al. 1993;
Marconi et al. 1996; Ferrazzi et al. 2000; Konje et al. 2003).
In addition, increased uterine vascular resistance and
reduced uterine blood flow during early pregnancy can be
used as predictors of high-risk pregnancies and are
associated with fetal growth retardation (Trudinger et al.
1985; North et al. 1994).

Because the placenta is the organ through which
respiratory gases, nutrients and wastes are exchanged
between the maternal and fetal systems, placental vascular
development is thought to play a central role in
ensuring adequate transplacental exchange, and thus in
determining, ultimately, the weight of the fetus at birth
(Meschia, 1983; Reynolds & Redmer, 1995; Wulff et al.
2003; Kaufmann et al. 2004; Reynolds et al. 2005b). The
full impact of birth weight or, more correctly, fetal and
neonatal development, on adult health and well-being
has only recently been recognized, as summarized in
several recent reviews (Armitage et al. 2004; Barker, 2004;
Gluckman & Hanson, 2004). This concept, which has
been termed ‘developmental origins of adult health and
disease’, was initially based primarily on epidemiological
evidence, but has recently been confirmed by a spate
of experimental work in animals (Trahair et al. 1997;
Greenwood et al. 1998, 2000; Barker, 2004). In essence,
this concept states that compromised fetal or neonatal
growth and development, resulting from a variety of insults
including maternal dietary caloric restriction, protein
restriction, iron restriction, overfeeding, etc., leads to
physiological ‘programming), resulting in serious health
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Figure 1. Schematic representation of the sheep placentome
The maternal, or caruncular, portion is represented by the stippled
areas, and the fetal, or cotyledonary, portion is represented by the
greyish areas. The vascular supply for each portion of the placentome
is represented by the red (maternal, caruncular) or yellow (fetal,
cotyledonary) vessels. Figure adapted from The Placenta: Human and
Animal, Ramsey, Elizabeth Mapelsden. Copyright © (1982) by Praeger
Publishers. Reproduced with Permission of Greenwood Publishing
Group, Inc., Westfoot, CT.
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consequences later inlife, including cardiovascular disease,
Type IT (adult onset) diabetes, dyslipidaemia, and obesity
(Breier et al. 2001; Oken & Gillman, 2003; Armitage et al.
2004; Barker, 2004; Gluckman & Hanson, 2004).

Animal models have been central to the study of the
placenta and the placental circulation since the earliest
times, and much of our knowledge of placental vascular
development continues to be derived from comparative
studies in animals (Kaufmann et al. 2004; Reynolds
et al. 2005b). Fortunately, the power of the comparative
approach in solving complex biological problems is widely
recognized. Nevertheless, almost 50 years ago Donald
Barron (1959) opined, ‘Obstetricians, by and large, deprive
themselves to a surprising degree of sources of information
which could be available to them from animal experiments
... animal experiments are carried out to obtain vistas and
to get ideas of the mechanisms of biological operation’.

In this review, we will focus on sheep models that
have been used to study placental angiogenesis, first
in normal then in compromised pregnancies. However,
when appropriate we will discuss how results using sheep
models compare with those from other animals, including
primates. For a discussion of angiogenesis in the primate
placenta we refer the reader to several excellent recent
reviews (Wulff et al. 2003; Charnock-Jones et al. 2004;
Kaufmann et al. 2004; Mayhew et al. 2004).

The sheep as a model for studying
placental angiogenesis

Macroscopically, the sheep placenta comprises 60—100
discreet structures, or units, known as placentomes, which
are spaced relatively evenly over the surface of the fetal
membranes (Ramsey, 1982; Mossman, 1987). Each of these
placentomes consists of maternal caruncular and fetal
cotyledonary portions, which interdigitate and thus are
in close apposition (Fig. 1; Ramsey, 1982). Interestingly,
maternal caruncles are present on the endometrial surface
from shortly after birth, and their number and location
remain constant throughout the female’s life, although
obviously they will grow during each pregnancy and then
regress back to their non-pregnant size during each post-
partum interval (Ramsey, 1982). The caruncles serve as
specialized points of contact between the fetal membranes
and the endometrium, and their location therefore dictates
the ultimate location of the placentomes.
Microscopically, the sheep placenta belongs to a
classification, first used by Grosser in 1927, known as
epitheliochorial, which signifies that the fetal chorion
is in direct contact with the maternal uterine (endo-
metrial or uterine mucosal) epithelium (Ramsey, 1982;
Mossman, 1987). Most investigators further classify the
sheep placenta as a subset of epitheliochorial, termed
syndesmochorial or synepithelial, to indicate that the
uterine epithelium is fused with chorionic binucleate
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cells to form a feto-maternal syncytium (Wooding &
Flint, 1994). Chorion refers to the outer tissue layer
(ectodermal epithelium plus underlying mesoderm) of the
fetal chorioallantois, which is the outer fetal membrane
surrounding the fetal compartment (Ramsey, 1982;
Mossman, 1987). In mammals with epitheliochorial
placentation (moles, manatees, whales, horses, pigs, cattle,
sheep, and a few prosimians), the chorioallantois is
minimally invasive and thus the uterine epithelium
remains intact during pregnancy (Ramsey, 1982;
Mossman, 1987). In this regard, the sheep placenta is an
ideal model for studying placental development because
the maternal and fetal portions of the placenta remain
closely associated but completely intact throughout
gestation, and thus one can evaluate each tissue separately
(Ramsey, 1982; Reynolds & Redmer, 1995; Reynolds et al.
2005a,b).

Placental angiogenesis in normal pregnancy

Based on the concept that chronic increases in blood
flow to any growing tissue depend on vascular growth, or
angiogenesis, Meschia (1983) reasoned ‘the large increase
of blood flow to the uterus during pregnancy ... results
primarily from the formation and growth of the placental
vascular bed.” In fact, not only does the sustained increase
in gravid uterine and umbilical blood flows depend on
development of the placental vascular beds, but placental
growth itself depends on placental angiogenesis since tissue
growth of any magnitude cannot occur in the absence
of vascular growth (Bassingthwaighte & Goresky, 1984;
Hudlicka, 1984). For example, Folkman and coworkers
(see Folkman & Klagsbrun, 1987) demonstrated that
recruitment of a blood supply is requisite for sustained
growth of tumours beyond about 1 mm?® in size. This
dependence on vascular development results from the
high metabolic demands associated with tissue growth
and the limited ability of respiratory gases, nutrients,
and metabolic wastes to diffuse through the extracellular
compartment (Bassingthwaighte & Goresky, 1984; Adair
et al. 1990).

Numerous studies have indicated that angiogenesis is
indeed a major component of the increase in placental
blood flow throughout gestation. For example, by
day 24 after mating, vascular density of the uterine
mucosa, or endometrium, exhibits a 2-fold increase
(Reynolds & Redmer, 1992). Vascular density of endo-
metrial (maternal placental) tissues continues to increase
gradually throughout gestation (Reynolds & Redmer,
2001; Reynolds et al. 2005b). In contrast, vascular density
of the fetal placental tissues, or cotyledons, remains
relatively constant until mid-gestation then increases
dramatically thereafter. These patterns of placental
angiogenesis coincide with the dramatic increases that
have been reported for uterine and umbilical blood
flows throughout gestation (Reynolds & Redmer, 1995,
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2001). Thus, growth and development of the vascular
beds are critical components of tissue growth, including
that of the utero-placenta, and as already mentioned
the importance of vascular development to placental
function has long been recognized. However, research on
placental vascular growth comprises primarily descriptive
histological studies, and only a handful of quantitative
studies of placental angiogenesis have been reported (see
Reynolds et al. 20050, for review).

We have recently conducted an extensive quantitative
analysis of placental vascular development and have
used those data to model placental angiogenesis and its
relationship to placental expression of angiogenic factors
throughout the last two-thirds of gestation in sheep.
For these studies, we utilized fixation methodologies
involving vascular perfusion and casting, and subsequently
analysed vascular development using morphometric
methods similar to those we have previously described
(Reynolds & Redmer, 1992; Reynolds et al. 1998) but with
application of computerized image analysis. Although they
provide results similar to those using standard manual
morphometric methods, the computerized methodologies
have enabled us to rapidly generate several measures of
vascular development, and thus have allowed us to model
angiogenesis in the maternal and fetal portions of the
placentome (Borowicz et al. 2003; Reynolds et al. 2005b).

As shown in Fig. 2, capillary area density (capillary area
as a proportion of total tissue area) of both maternal
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Figure 2. Vascular development of maternal caruncle (CAR) and
fetal cotyledon (COT) throughout the last two-thirds of
gestation in sheep

Capillary area density (capillary area as a proportion of total tissue
area) of both maternal (caruncle) and fetal (cotyledon) placental
tissues increased exponentially from day 50 through day 140 after
mating. Capillary area density is a commonly used measure of
angiogenesis, and based on stereological principles also is equivalent
to capillary volume density (capillary volume as a proportion of total
tissue volume; Weibel, 1972; Hudlicka, 1984). Figure taken from
Reynolds et al. (2005b).
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caruncular and fetal cotyledonary tissues increased
exponentially (3.3-fold for maternal and 6.2-fold for fetal;
Fig. 3) from day 50 through day 140 after mating. Capillary
area density is a commonly used measure of angiogenesis,
and based on stereological principles also is equivalent to
capillary volume density (capillary volume as a proportion
of total tissue volume; Weibel, 1972; Hudlicka, 1984). In
contrast, another common measure of vascular growth,
capillary number density (number of capillaries per unit
of tissue; Weibel, 1972), increased exponentially and
dramatically (12.3-fold) in the fetal cotyledon but only
slightly (1.5-fold) in the maternal caruncle from day
50 to day 140 (Fig.3). Similarly, the capillary surface
density (perimeter or surface area of capillaries per unit
of tissue) increased exponentially (6-fold) in cotyledons
but only slightly (1.7-fold) in caruncles (Fig. 3). The large
increase in number density of cotyledonary capillaries was
associated with a 1.9-fold decrease in their size, whereas
the size of caruncular capillaries increased 2.2-fold from
day 50 to 140 of gestation (Fig. 3). This model also agrees
with the observations of Stegeman, who reported a 4-fold
increase in ‘degree of branching’ of the fetal cotyledonary
villi, accompanied by a 9-fold increase in cotyledonary
capillary density from day 50 to day 140 of gestation in
sheep (Stegeman, 1974; Reynolds et al. 2005b).

Based on these observations, we have developed an
empirical model of angiogenesis in the maternal and
fetal portions of the sheep placenta throughout the
last two-thirds of gestation (Fig.3). In this model, the
caruncular capillary beds grow primarily by increased size
of the capillaries with only small increases in capillary
number or surface densities, resulting in a modest,

* Maternal (Caruncular) Vascularity:
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3.3-fold increase in capillary area density. In contrast, the
cotyledonary capillary beds grow primarily by branching,
resulting in a large, 12.3-fold increase in capillary number
density accompanied by a decrease in capillary size. The
relatively large, 6-fold increase in capillary area and surface
densities of the fetal cotyledons can be explained by this
branching pattern of growth.

Thus, although the size of the fetal and maternal
portions of the placenta is highly correlated, their capillary
beds exhibit dramatic differences in their microscopic
microvascular architecture and, most likely, in their
physiological function as well (Reynolds & Redmer, 1995;
Borowicz et al. 2003; Reynolds et al. 2005b). The micro-
vasculature of the maternal placental compartment is
composed almost exclusively of very large capillaries,
which would dictate a low-velocity, ‘irrigation-flow” or
percolating type of system, designed primarily as a delivery
(and, conversely, a waste-removal) system (Reynolds et al.
2005b). In contrast, the microvascular architecture of the
fetal placenta is highly branched and composed primarily
of abundant small capillaries, designed as a high velocity
rapid transport system.

These dramatic differences in  microvascular
architecture agree with several physiological observations.
For example, it has recently been shown that, throughout
the last half of gestation in sheep, resistance across the
fetal placental microvascular bed in an in vitro perfusion
system is 2-fold greater than that of the maternal placental
microvascular bed at physiological flow rates (Vonnahme
etal.2004a,b). In addition, because of increased branching
and thus larger numbers of capillaries per unit of tissue,
the surface area available for exchange is greater in fetal
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Figure 3. Empirical model of angiogenesis in
the sheep placenta throughout the last
two-thirds of gestation

The maternal (caruncular) capillary beds grow
primarily by increased capillary size, with only
small increases in capillary number or surface
densities, resulting in a modest increase in
capillary area density. In contrast, the fetal

L (cotyledonary) capillary beds grow primarily by
branching, resulting in a large increase in capillary
number density accompanied by a decrease in
capillary size; this branching pattern of growth
also explains the relatively large increase in
capillary area and surface densities. For
illustration the capillary beds are depicted as
open-ended, rather than as a closed loop. Taken
from Reynolds et al. (2005b).
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Table 1. Simple correlations among measures maternal placental (caruncular) and fetal placental (cotyledonary)
angiogenesis and expression of mRNA for angiogenic factors throughout the last two-thirds of gestation in sheep

Maternal caruncle

Fetal cotyledon

Capillary Capillary Capillary Capillary Capillary Capillary
Angiogenic area number surface area number surface
factor density density (no. per density density density (no. per density

(%) unit tissue) (mm mm~—2) (%) unit tissue) (mm mm~2)

VEGF 0.24 —0.05 -0.14 0.46 0.52 0.45

P=0.19 P=0.80 P=0.45 P <0.01 P < 0.01 P <0.01
VEGFR-1 0.54 0.1 0.28 0.36 0.31 0.42

P < 0.01 P=0.55 P=0.12 P <0.04 P =0.08 P < 0.01
VEGFR-2 0.24 -0.14 —0.01 -0.11 -0.19 —0.07

P=0.18 P=0.44 P=0.97 P=0.52 P=0.29 P=0.71
bFGF -0.11 -0.19 —0.22 0.37 0.34 0.52

P=0.53 P=0.30 P=0.22 P <0.03 P=0.06 P <0.01
ANG-1 0.24 0.05 —0.01 0.33 0.32 0.37

P=0.16 P=0.79 P=0.95 P=0.06 P=0.07 P <0.04
ANG-2 0.50 0.02 0.17 0.54 0.45 0.60

P < 0.01 P=0.89 P=0.33 P < 0.01 P < 0.01 P < 0.01
TIE-2 0.08 —0.30 -0.14 0.07 —0.01 0.09

P =0.65 P =0.09 P=0.42 P=0.70 P=0.98 P=0.63

Taken from Borowicz et al. (2004a,b), and unpublished observations (n =4 ewes per day). Values represent Pearson
correlation coefficients and probability levels. Significant correlations are shown in bold.

cotyledons compared with maternal caruncles during the
last trimester (Reynolds et al. 2005a,b). Moreover, the
thickness of the barrier between the fetal and maternal
capillaries also may be reduced throughout gestation
(Faber & Thornburg, 1983; Longo, 1987). Taken together,
these observations help to explain why the proportion of
the nutrients and oxygen taken up by the gravid uterus
that is transported to the fetus increases by 2- to 4-fold
from mid- to late gestation, essentially keeping pace with
the rate of fetal growth (Reynolds & Redmer, 1995).
Thus, the placental microvascular architecture of sheep
is ideally suited for both nutrient delivery, on the maternal
side, and nutrient uptake and transport, on the fetal
side. This arrangement, however, does not appear to be
unique to sheep. For example, there are several striking
similarities in placental microvascular architecture and
function among the sheep, cow and pig (Assheton, 1906;
King et al. 1982; Reynolds & Redmer, 1992; Reynolds et al.
2005a). These similarities may extend to other mammals
as well. For example, in primates including humans the
chorioallantois is so invasive that a portion of the maternal
endometrium is lost, and the fetal villi are bathed in
maternal blood (Ramsey, 1982). The arrangement of
the primate placenta thus represents the ultimate in a
low-velocity, irrigation-flow or percolating system such
as that we have proposed for the sheep (Reynolds ef al.
2005b). It is interesting to note that this ‘haemochorial’
type of placenta (designating the chorion or outer layer
of the chorioallantois being bathed in maternal blood)
is widespread among mammals, being present not only
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in the vast majority of primates but also in rodents,
insectivores and bats, which together comprise 95% of
the more than 4000 species of mammals (Ramsey, 1982;
Nowak, 1991).

To begin to model the regulation of placental
angiogenesis in sheep we have calculated the simple
correlations among measures of vascular growth and
expression of angiogenic factors (Borowicz et al. 2003,
2004a,b; Reynolds et al. 2005b). As shown in Table 1,
the angiogenic factors evaluated included vascular endo-
thelial growth factor (VEGF) and its major receptors
VEGFR-1 and -2, basic fibroblast growth factor (bFGF),
and angiopoietins (ANG)-1 and -2 and their major
receptor TIE-2, which represent several of the major
factors regulating angiogenesis (Charnock-Jones et al.
2004; Reynolds ef al. 2005b).

Capillary area density of maternal caruncular tissues was
correlated with expression of VEGFR-1 and ANG-2, but
not with the other angiogenic factors (Table 1). However,
neither capillary number density nor capillary surface
density of caruncles was correlated with expression of
any of the angiogenic factors. For cotyledons, all three
measures of angiogenesis were correlated with expression
of VEGF and ANG-2 (Table 1). In addition, cotyledonary
capillary area density and capillary surface density were
correlated with expression of VEGFR-1, bFGF and ANG-1
mRNA.

Although these are only simple correlations, they have
begun to yield useful information concerning placental
angiogenesis in sheep. For example, these data indicate
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that maternal placental vascularization is dependent
on VEGFR-1 and ANG-2 expression. In contrast, fetal
placental angiogenesis seems to depend on numerous
angiogenic factors. The observation that cotyledonary
angiogenesis is so strongly correlated with VEGF and
ANG-2 expression argues for a critical interaction between
these two angiogenic factors, which has been suggested for
the placenta as well as for other tissues (Koh et al. 2002;
Reynolds et al. 2005b).

Placental angiogenesis in sheep models
of compromised pregnancy

Thus, as described in the previous section, we have
evaluated the pattern of placental angiogenesis and
expression of angiogenic factors throughout normal
pregnancy. To determine the role of placental angiogenesis
in compromised pregnancies, we and others have
established a variety of sheep models to evaluate various
factors that influence fetal growth, including maternal
nutrient excess or deprivation and specific nutrients;
maternal age; maternal and fetal genotype; increased
numbers of fetuses; environmental thermal stress; and
high altitude (hypobaric) conditions. We will first discuss
observations made by laboratories other than our own
concerning the effects on placental angiogenesis of both
environmental thermal stress and high altitude conditions.
We will then discuss observations that we have made
very recently using several models to investigate the
influence of maternal nutritional stress, maternal age,
maternal genotype, and numbers of fetuses on placental
angiogenesis.

Maternal environmental thermal stress and high altitude
(chronic hypoxia). In ruminants, including sheep and
cattle, environmental thermal (or heat) stress; that is,
pregnancy at elevated environmental temperature, results
in decreased fetal and placental weights by late in
pregnancy (Reynolds et al. 1985; Regnault et al. 2003).
In addition, both uterine and umbilical blood flows are
reduced, resulting in compromised transport capacity of
the placenta (Reynolds et al. 1985; Regnault et al. 2003).
In sheep, this adverse effect of heat stress is associated
with a reduced expression of placental angiogenic factors
by mid-gestation and continuing through late gestation
(Regnault et al. 20025, 2003). In conjunction with reduced
angiogenic factor expression, Regnault et al. (2002a)
also reported that the fetal placental capillaries from
the heat stressed ewes were more ‘coiled and appeared
in a more random orientation relative to neighbouring
vessels. Additionally, sinusoidal dilations also appeared
to be more numerous in ... fetal vessels.” Although they
did not quantify these differences, they did suggest that
the changes in fetal placental microvascular architecture
were similar to those observed in ewes subjected to high
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altitude-induced hypoxia during pregnancy, as discussed
in the next paragraph.

In humans, birth weight declines when the mother
resides at high altitude (> 2500 m) throughout pregnancy,
although the magnitude of this effect depends on whether
the population is adapted to high altitude (Moore et al.
2004). There is good evidence that maternal hypoxia,
including that resulting from hypobaric stress at high
altitude, also results in compromised placental growth and
function in humans (Mayhew et al. 2004). Nevertheless,
probably asa means to attempt to compensate for maternal
hypoxia, VEGF concentrations in serum are elevated in
pregnant women at high altitude compared with normoxic
controls (Wheeler et al. 2002).

Pregnancy at high altitude in humans also is
associated with compensatory changes in fetal placental
microvascular architecture, including increased capillary
branching, associated with increased capillary area density
and surface density (Mayhew ef al. 2004). Similarly,
in sheep at high altitude throughout pregnancy both
maternal and fetal placental microvascular architecture
is altered (Krebs et al. 1997). Although capillary number
density was reduced in the fetal placenta, capillary size
was increased, resulting in increased capillary area density.
In maternal placenta, capillary number density was not
affected by high altitude-associated maternal hypoxia, but
capillary size and capillary area density were increased as
in the fetal placenta. Thus, the sheep model appears to
mirror the changes in placental microvascular architecture
observed in humans.

Maternal nutrient excess in adolescents. Adolescent
pregnancy remains a major problem, especially in the
US and UK, because adolescent girls have an increased
risk of delivering premature and low birth weight babies
compared with mothers > 20 years of age (NVSR, 2001;
MOD, 2002a; NLM, 2002a; NCPTP, 2004). In 2000, there
were more than 479 000 births to adolescents in the US
(NVSR,2001). Moreover, as discussed above, both preterm
delivery and fetal growth restriction are associated with a
much greater risk of neonatal mortality and morbidity,
and also of developing cardiovascular disease, diabetes,
or other significant health consequences as adults (MOD,
2002a; NLM, 2002a,b; Armitage et al. 2004; Barker, 2004;
Gluckman & Hanson, 2004).

Many adolescents retain the potential to grow while
pregnant. For example, the study from Camden, New
Jersey (one of the poorest cities in the United States)
showed that almost 50% of adolescents continue to grow
while pregnant (Scholl et al. 1993, 1994, 1997). This
continued growth was associated with larger pregnancy
weight gains, increased fat stores and greater postpartum
weight retention compared with non-growing pregnant
adolescents and mature pregnant women. Paradoxically,
birth weights were reduced by 150-200 g in the growing
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Figure 4. Angiogenic factor mRNA expression in placentomes
(maternal caruncular + fetal cotyledonary tissue) from
adolescent ewes on day 80 of pregnancy

Ewes were individually offered either a Moderate or High level of a
diet calculated to promote moderate or rapid maternal growth rates,
respectively. MRNA expression was quantified by real-time RT-PCR.
Adapted from Redmer et al. (2005); *indicates effect of diet

(P < 0.005), ns = no significant effect of diet.

adolescents despite maternal changes typically associated
with increased fetal size (e.g. increased weight gain and fat
stores). The reduction in fetal growth rate in adolescents
has been attributed to a competition for nutrients between
the maternal body and her gravid uterus (Redmer et al.
2004b).

Using a unique, robust and highly controlled
experimental protocol it has been shown that over-
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Figure 5. Effects of nutrient restriction on placental expression
of VEGF and VEGFR mRNAs

In this study, adult ewes received restricted (Restrict., 60% of NRC
requirements) or maintenance (Maint.) diets from day 50 until day 90
(D 90) or day 130 (D 130) of pregnancy (length of gestation
approximately 145 days). mRNA expression was quantified by
ribonuclease protection assay. tDay effect (P < 0.01) for VEGF,
VEGFR-1, and VEGFR-2. 1Diet effect (P < 0.01) for VEGFR-1 and
VEGFR-2. n = 5 ewes per group; s.t.M. = 193.7 for VEGF, 312.0 for
VEGFR-1, and 203.1 for VEGFR-2. Taken from Redmer et al. (2004b).
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nourishing the singleton-bearing adolescent ewe results in
rapid maternal growth, and most particularly of maternal
adipose tissue, at the expense of the nutrient requirements
of the gravid uterus (Wallace et al. 1996, 1999b, 2001;
Redmer et al.2004b). This model therefore reflects not only
overfeeding to promote rapid maternal growth but also
maternal obesity, and results in major placental growth
restriction (30-40%), leading to the premature delivery
of low birth weight lambs (25-30% reduction in birth
weight) compared with moderately nourished adolescents
of equivalent gynaecological age.

Although maternal obesity and excessive weight gain
during pregnancy in human adults do not compromise
fetal growth, and may even result in increased birth weight,
they do result in fetal growth abnormalities and increased
risk of fetal and neonatal morbidity and mortality (Naeye,
1990; Cnattingius et al. 1998; Ogunyemi et al. 1998; Schieve
et al. 1999; Abrams et al. 2000; Stephansson et al. 2001;
Castro & Avina, 2002; MOD, 2002b; Luke et al. 2003).
In very young pregnant adolescents excessive weight gain
and preterm delivery are associated (Perry et al. 1996;
Hediger et al. 1997), which agrees with our observations of
premature delivery in overfed, pregnant adolescent sheep
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Figure 6. Impacts of elevated maternal dietary selenium on
fetal (A) and placental (B) growth in ewes

Ewes (n = 8-10 per group) were fed diets with similar nitrogen and
energy contents but with normal levels of Se (Control, 0.1 p.p.m), or
3 p.p.m. of Se from an organic (Se, Wheat) or inorganic (Se Salt,

3 p.p.m) source, or 15 p.p.m. of Se from an inorganic source (Se Salt,
15 p.p.m.), beginning on day 50 after mating and continuing until
slaughter on day 130. Although fetal weights (A) did not differ among
groups, placental weight (B) was less (P < 0.02) in Se-treated versus
Control ewes.
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(Wallace et al. 1996, 1999b, 2001). The observation that
increased dietary intake during pregnancy is associated
with poor pregnancy outcomes, combined with the high
incidence of obesity among adolescents, especially in the
US (Ogden et al. 2002; NCHS, 2004), emphasizes the
importance of this sheep model of the overnourished
pregnant adolescent for understanding the physiological
mechanisms leading to altered fetal and placental growth.

In a recent report (Redmer et al. 2005), pregnant
adolescent ewes on a high or moderate plane of nutrition
were killed on day 80 of gestation. Placental expression of
mRNAs for VEGE, ANG-1 and ANG-2 was significantly
reduced in the placentomes of the High compared with
the Moderate intake group (Fig. 4). Although placental
expression of the receptors for VEGF and ANG-1 and
ANG-2 also were evaluated, only VEGFR-1 mRNA was
reduced. In addition, Redmer et al. (2004a) observed
that in overfed adolescent ewes on day 130 of gestation,
capillary size was increased while capillary number density
was reduced in maternal and fetal placental tissues.
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Figure 7

Impacts of elevated maternal dietary selenium on caruncular cell
proliferation (A) (BrdU labelling index) and cotyledonary capillary
number density (B) in ewes receiving diets containing Normal

(0.1 p.p.m) or High (3 p.p.m. from high-Se wheat) levels of Se from
day 50 until slaughter on day 130 of gestation. Borowicz, Ward,
Vonnahme, Caton, Redmer & Reynolds, unpublished data.
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These alterations in placental vascular development are
similar to those reported in other models of compromised
pregnancy, including environmental heat stress and
pregnancy at high altitude, as discussed previously.

Taken together with our previous observation that fetal
and placental growth are not yet compromised at day
80 but are reduced by day 130 (Wallace et al. 19994,
2000), these observations strongly support the contention
that reduced fetal growth due to overnutrition in
growing adolescent ewes results from abnormal expression
of placental angiogenic factors leading to alterations
in placental vascular development. Although these
preliminary observations are very exciting, they clearly
need to be expanded to determine the impact of maternal
nutritional status on angiogenic growth factor expression
at key developmental time points throughout gestation
and to relate any changes in their expression to the
various measures of placental angiogenesis described in the
previous section.

Maternal nutrient deprivation in adults. At the other
end of the nutritional spectrum, an association between
decreased energy intake in adult women and low
birth weight or preterm delivery has been difficult to
demonstrate, and large effects have been observed only
in extreme situations. However, although the data do
not account for maternal age or parity, in humans body
mass index and neonatal weight are highly correlated
(WHO, 1995; MOD, 2002b). Birth weight also increases
in populations as they become more affluent and nutrient
intake improves, whereas birth weight decreases during
periods of restricted intake or famine (Gruenwald et al.
1967; Kramer, 1987; Dhawan, 1995; Steckel, 1998; Rush,
2001). In addition, providing adult women on poor
diets with energy rich and protein balanced supplements
has been shown to significantly improve birth weight
and pregnancy outcome (Higgins et al. 1989; Kramer &
Kakuma, 2003).

In adult sheep severe maternal undernutrition at all
stages of pregnancy, and particularly during late gestation,
reduces fetal growth by varying degrees (Mellor, 1983;
Robinson, 1983; Vincent et al. 1985; Parr et al. 1986). In
some studies where moderate to severe maternal nutrient
restriction were imposed between early and mid-gestation
(Heasman et al. 1998; Steyn et al. 2001) and mid- to
late gestation (Oddy & Holst, 1991) lamb birth weight
at or near term was unaffected. In contrast, in a recent
study in which ewes were restricted to 50% of energy
intake requirements from day 28 to 80 of gestation, fetal
weights at day 80 were reduced by 32% (Vonnahme
et al. 2003). Similarly, the effects of undernutrition during
pregnancy on uterine and umbilical blood flows have
been variable, with some investigators showing no effect,
whereas others have shown a reduction especially in
uterine blood flow (Chandler et al. 1985; Leury et al. 1990;
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Table 2. Angiogenic factor mRNA expression in the maternal (caruncular) and fetal
(cotyledonary) portion of the placentomes

Caruncular (n =6) Cotyledon (n = 6)

Gene of interest Control Selenium Control Selenium
VEGF 0.73 +£0.16 0.74 +0.09 1.92 + 0.22 2.79 + 0.547
VEGFR-1 1.34 £ 0.32 1.53+0.23 3.40 +0.28 4.65 + 0.84**
VEGFR-2 0.62 £+ 0.05 0.87 +0.13 1.73 +0.22 1.73 +0.23
bFGF 4.91 +1.00 5.93+0.76 2.80 +£ 0.64 2.58 £ 0.36
FGF-R 1.91+0.34 1.94 + 0.36 4.33 +0.30 4,98 + 0.67
ANG-1 0.56 +0.13 0.63 +0.07 1.72 +0.30 1.94 4+ 0.27
ANG-2 0.87 £0.19 1.07 £0.12 2.24 +£0.41 2.65+0.48
TIE-2 1.24 £ 0.16 1.74 +£ 0.31 2.51+£0.36 2.63+£0.20

Data are for ewes fed Control diets and ewes fed diets containing 3 p.p.m. Se from high-Se
wheat, and are expressed relative to the 18S ribosomal mRNA level; significant differences
between Control and Selenium are shown in bold. **Means =+ standard error of the mean
within a tissue and row differ, P < 0.09. {Means =+ standard error of the mean within a
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tissue and row differ, P < 0.05.

Newnham et al. 1991; Kelly et al. 1992). Thus, the effects
of nutrient restriction during pregnancy in adult sheep
are inconsistent, and may depend on the level and/or
length of restriction. Likewise, the precise role of the
placenta in mediating nutritional effects in the adult sheep
is inconclusive (see review by Kelly, 1992), but may depend
on an interaction between maternal live weight at the time
of conception and body fat status or nutrient reserves at
the onset of nutrient restriction (Russel ef al. 1981).

We recently have shown that underfeeding of adult ewes
during pregnancy (restriction of feed intake to 60% of
recommended levels) results in a 15% reduction in fetal
growth from day 90 to 130 of gestation (Arnold et al.
2001b). Although restricted ewes exhibited no decrease
in placental VEGF mRNA, placental expression of VEGF
receptor mRNA (both VEGFR-1 and VEGFR-2) was
reduced by 50% on day 130 compared with that of ewes
receiving the maintenance diet (Fig. 5). These observations
indicate that reduced fetal growth in undernourished
ewes may result from altered placental growth and
vascular development or, alternatively, by limiting nutrient
availability in the maternal circulation. Comparable data
in nutritionally perturbed pregnancies in the human are
not currently available due to the obvious difficulties
in obtaining anything other than late gestation or term
tissues. However, attenuated placental VEGF expression
has been reported in both pre-eclamptic and severely
intrauterine growth restricted pregnancies (Cooper et al.
1996; Lyall et al. 1997; Chung et al. 2004) implying a central
role for this angiogenic factor in the aetiology of these two
types of compromised placentas.

Maternal selenium intake. Selenium (Se) is a trace
nutrient that is essential for normal growth and
development (Sunde, 1997; McDowell, 2003). Although
both Se deficiency and excess have severe health
consequences, recent work has shown that ‘supra-
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nutritional’ levels (2- to 4-fold above normal dietary
requirements) can reduce the combined incidence of lung,
colorectal, and prostate cancers by as much as 50% in
humans and rats (Clark ef al. 1996; Finley et al. 2000;
Combs & Lu, 2001). In addition, supranutritional levels
of Se have also been shown to reduce angiogenesis and
VEGF expression in tumours (Jiang et al. 1999, 2000).
However, little data are available regarding the influence of
supranutritional levels of Se on growth, cellular
proliferation and vascularization of placental and fetal
tissues.

In a recent study (Caton et al. 2004), although supra-
nutritional levels of dietary Se (fed either as high-Se
wheat (organic source) or sodium salt (inorganic source))
in pregnant adult ewes had little effect on fetal weight,
placental weight was reduced by 24% at day 130 of
gestation (Fig. 6). Reduced placental size was associated
with a 40% reduction in cell proliferation in the maternal
placental tissue, and also with a slight increase in capillary
number density in the fetal placenta (Fig. 7). The increased
fetal placental capillary number density was associated
with increased expression of VEGF and VEGFR-1 mRNAs
(Table 2). Thus, although high dietary Se does appear to
compromise placental growth and vascular development,
and alters placental angiogenic factor expression, much
more work needs to be done not only to confirm
this response but also to understand the gestational
stage-specific mechanisms responsible for these effects.

Maternal age. As discussed already, maternal age has a
large influence on fetal and placental growth. However, the
degree to which this effect is due to maternal immaturity
or to numerous confounding factors, including nutritional
status, parity, or other risk factors is not known (Ferrell,
1991; Wallace et al. 1996; Bolzan et al. 1999; Rauh &
Andrews, 1999). Thus, we developed a model in which the
effects of nutritional status and parity were held constant.
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For this study (Borowicz et al. 2005), early maturing,
highly prolific (Romanov) and relatively late maturing,
less prolific (Columbia) ewes were subjected to embryo
transfer, using a consistent source of embryos within a
breed, just as the ewes reached sexual maturity (i.e. in
either of the first three oestrous periods after reaching
puberty; designated ‘lambs’) or when they had reached
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Figure 8

Fetal weight, caruncular (CAR; maternal placental) weight, and
cotyledonary (COT; fetal placental) weight in Romanov and Columbia
lambs (Lamb; peripubertal) and yearlings (Yrlg; early adult) on day 130
of gestation. n = 5-7 per group; Lamb versus Yearling, P < 0.006 for
fetal weight, P < 0.05 for total CAR weight, and P < 0.03 for total
COT weight.
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physical maturity (i.e. at approximately 1!/, years of
age; designated ‘yearlings’). Thus, regardless of age all
dams were primigravida and were fed to meet 100%
of the requirements for pregnancy (NRC, 1985). These
maternal ages correspond approximately to 10-12 years
old compared with 19-20 years old in humans.

At day 130 of gestation, fetal, cotyledonary and
caruncular weights were reduced in the immature dams
(lambs) compared with the mature dams (yearlings),
regardless of breed (Fig. 8). These effects were associated
with a decrease in expression of VEGF and ANG-1 in
cotyledonary but not caruncular placental tissues (Fig. 9).
No significant effects of maternal age were observed for
ANG-2 or bFGF (Fig. 9). Thus, although fetal and placental
size were less in Romanov compared with Columbia ewes,
as expected (the highly prolific Romanovs are well known
to have smaller offspring), in both breed groups a profound
effect of maternal age on fetal size as well as cotyledonary
size and angiogenic factor expression was observed.
These effects confirm that gynaecological maturity per se
influences fetal size and placental angiogenesis.

Maternal and fetal genotype. To begin to understand
the influence of fetal and maternal genotype on placental
angiogenesis, we have utilized Romanov and Columbia
ewes, which represent highly prolific (3-5 fetuses per
pregnancy) and more standard (1-3 fetuses per pregnancy)
breeds, as described above, combined with embryo
transfer. Thus, we evaluated fetal weight and placental
angiogenesis in straight-bred Romanov and Columbia
ewes and also in Columbia dams carrying Romanov
embryos (Arnold ef al. 2001a; L. P. Reynolds, J. S. Caton
& D. A. Redmer, unpublished observations; Fig. 10).
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Expression of angiogenic factors in caruncular (CAR; maternal
placental) and cotyledonary (COT; fetal placental) tissues of Romanov
and Columbia lambs (Lamb; peripubertal) and yearlings (Yrlg; early
adult) on day 130 of gestation. n = 7-12 per group; Lamb versus
Yearling, P < 0.05 for VEGF and ANG-1 for COT only.
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Although fetal number at day 130 of gestation
was greater in the Romanov ewes, fetal weights were
less, resulting in a similar fetal mass among all three
groups (Fig. 10A). Capillary area density was greater
in Romanov compared with Columbia ewes for both
maternal and fetal placental tissues (Fig. 10B). However,
when Romanov embryos were placed into Columbia
dams (Romanov x Columbia group), caruncular capillary
area density was increased compared with straight-bred
Columbias (Fig. 10B). This observation indicates that
the Romanov embryos influenced vascularity of the
maternal placenta in these Columbia ewes. Similarly, in
the Romanov x Columbia group cotyledonary capillary
area density was decreased (Fig.10B), indicating that
the Columbia uterus negatively influenced fetal placental
vascularity in these Romanov embryos. Surprisingly,
no differences were observed among these groups for
placental VEGF, VEGFR-1 or VEGFR-2 mRNA expression.
Thus elucidating the mechanism(s) by which the maternal
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Fetal number, weight per fetus, total fetal weight, and caruncular and
cotyledonary capillary area density (vascular density) on day 130 after
mating in straight-bred Romanov (R x R) and Columbia (C x C)
pregnancies or when Romanov embryos were transferred to Columbia
dams (R — C). n = 4-9 per group. Bars with different superscripts
differ, P < 0.04 for fetal no., P < 0.10 for fetal wt, P < 0.01 for
vascular density.
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and fetal placental tissues influence each other’s micro-
vascular development will require further investigation.

Numbers of fetuses. Itiswell known that multiple fetuses
are associated with reduced fetal size and birth weights
as well as increased neonatal morbidity and mortality
(Huffman etal. 1985). To examine the response of placental
angiogenesis to multiple fetuses, we evaluated fetal and
placental weights and placental vascular development in
late pregnancy in ewes bearing single, twin, or triplet
fetuses (Pant et al. 2003; Wirrenga et al. 2004).

As we had expected, fetal and cotyledonary weights
were reduced as the number of fetuses increased (Fig. 11).
Although cotyledonary capillary area density was not
affected by number of fetuses, the total cotyledonary
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Figure 11

Fetal and cotyledonary (COT) weights, cotyledonary capillary area
density and total capillary volume, and correlation between
cotyledonary total capillary volume and fetal weight on day 130 of
gestation in mature ewes bearing singles, twins, or triplets. n = 15,
12, and 3 ewes per group, respectively.
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capillary volume was reduced as number of fetuses
increased. In addition, total cotyledonary capillary
volume of individual fetuses was highly correlated with
their weight (Fig. 11). These observations indicate that
the reduction in placental weight, and not vascular
development per se explain the reduction in fetal weight
with increasing numbers of fetuses. Thus, multiple fetuses
is a clear case in which compensatory mechanisms do
not seem to be operating, at least in terms of placental
vascularity of individual fetuses.

Concluding remarks

As we have discussed, development of the placental
vascular beds is essential to normal placental function, and
thus in supporting normal fetal growth. Compromised
fetal growth and development, in turn, have adverse
health consequences not only during the neonatal period
and infancy but in fact have a profound influence on
health and well-being throughout adulthood. We have
described a variety of sheep models that have been
developed to evaluate the effects on fetal growth of various
factors, including maternal nutrient excess or deprivation
and specific nutrients; maternal age; maternal and fetal
genotype; increased numbers of fetuses; environmental
thermal stress; and high altitude (hypobaric) conditions.
Although placental angiogenesis is altered in each of these
models in which fetal growth is adversely affected, the
specific effect on placental angiogenesis depends on the
type of ‘stress’ to which the pregnancyis subjected, and also
differs between the fetal and maternal systems and between
genotypes. We believe that the models of compromised
pregnancy and the methods described in this review will
enable us to develop a much better understanding of
the mechanisms responsible for alterations in placental
vascular development.
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