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Introduction

Fetal growth and development depends upon the intrauterine
environment responsible for supplying nutritional, metabolic
and endocrine requirements, the majority of which are derived
directly or indirectly from the maternal source. Fetal growth
retardation has been defined as a condition of pregnancy in
which the developing fetus undergoes a pathological process
modifying its growth potential by reducing its growth rate
(Cambell 1989). Recently, the term has also been used to
include reduced cellular structure and function.

The pathway between supply and demand extends from
the outer milieu of the maternal being, through the interfaces
of her alimentary and respiratory surfaces, to the
maternal/placental arteriovenous alignment in the
microcotyledons and, ultimately, via the umbilical vein into the
fetal circulation, with its unique absence, in the case of the
fetal horse, of a ductus venosus, thereby entailing that all fetal
blood passes through the liver. The system is completed via the
umbilical arteries, enabling exchanges between fetal and
maternal pathways to occur in the reverse direction (Fig 1).

Any disturbances in these pathways, to or from the fetus,
may modify fetal development and growth (referred to as
intrauterine growth retardation: IUGR), ranging from severe
and immediate effects, evidenced by abortion or neonatal
maladjustment, to more subtle long-term deficits, which may
not become apparent clinically until later in the individual’s life.
These latter effects were first proposed by Professor David
Barker and his colleagues working in Southampton to the
effect that a baby's nourishment, before birth and during
infancy, programmes the development of risk factors, such as
raised blood pressure, serum fibrinogen and factor VI
concentrations and glucose intolerance in the individual; and
from epidemiological studies, these factors were postulated as
being key determinants of coronary heart disease in later life
(Barker 1992, 1994).

Here, we summarise the hypothesis that an adverse
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fetal environment may impose substantial limits on
future health and athletic performance of the horse,
within the context of knowledge regarding other
species, including man.

Comparative studies

Following early epidemiological investigations (Barker and
Ormond 1986), many more observations have been made
among the human population and on experiments in animals,
particularly sheep (e.g. McMillen et al. 2001). These authors
described a range of pathophysiological factors which result in
perturbation or restriction of fetal growth; and the
cardiovascular, neuroendocrine and metabolic adaptations of
the fetus to these stimuli, depending upon their nature, timing
and intensity. McMillen et al. (2001) emphasised the critical
importance of these adaptations both for immediate survival
and long-term health outcomes in affected individuals.
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Fig 1: Representation of the pathway extending through the
1) external environment to the fetus, 2) interfaces at the
maternal lungs and alimentary tract, 3) somatic homeostasis
of the mare, 4) uterine placental ‘barrier’ and 5) the umbilical
cord and fetal circulation.
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Programming

Lucas (1991) defined programming as a process in which a
stimulus or insult, at a critical period of development, has lasting
lifelong effects. Tissue growth spurts in the fetus have been
identified in many species (Davies 1981); and organ, tissue and
cell growth curves are asynchronous (Reed et al. 1989), therefore
presenting ‘windows’ of susceptibility to deleterious
developmental effects. A neurological growth spurt occurs in the
human fetus at 15-20 weeks gestation, i.e. 39-52% of term,
whereas in the horse a growth spurt in CNS myelin appears to
occur around 270 days, 79% term (Sweasey et al. 1982).

The term ‘programming of the fetus’ was summarised by
Desai and Hales (1997) in an elegant presentation entitled ‘Role
of fetal and infant growth in programming metabolism in later
life'. The concept of fetal programming describes the
sequential and interrelated aspects of functional and structural
development which prepares the fetus for birth and immediate
adjustment postnatally. These changes underwrite the
processes of maturity that sustain both life and performance in
later life of the individual. It is upon the normality of these
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developmental processes, occurring in utero, that the
individual is able to sustain a wide range of performance, from
a sedentary and relatively unchallenging existence to that of
high performance and, importantly, to meet the challenges of
infection or extreme metabolic or environmental demands.

Nutritional distubances

The relationship between impaired nutritional intake (restricted
intake on the maternal side or through diffusion pathways
between maternal and fetal circulations) has featured largely in
both clinical observations and experimental studies in human
and animal species, respectively. In 1946, Barcroft concluded a
chapter on ‘Relative claims of the fetus and mother to available
nutritive material’ by stressing the importance of further
research on the effects of maternal malnutrition on fetal
development. Further, Hammond (1961) observed that
anatomical and physiological development of an animal at
birth may be modified by circumstances occurring prenatally.
Malnutrition impairing pancreatic beta cell growth and
function was described in studies on malnourished children from
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Fig 2: Intrinsic and extrinsic factors which may affect fetal development (Rossdale 1972a). This illustrates postnatal problems that may be
encountered clinically as a result of these disturbances and which are well recognised. However, as discussed in the text, the Barker hypothesis has
opened the avenue to a better understanding of the relationship between intrauterine growth-retarding effects and conditions in later life.
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the developing countries; and glucose intolerance found even
after recovery in those suffering nutritional deficits (Milner 1971).
Hales and Barker (1992) proposed a hypothesis concerning the
prevalence of noninsulin-dependent diabetes (type 2) in human
populations, where poor fetal and early postnatal nutrition
imposes mechanisms of nutritional thrift upon the growing
individual, resulting in impaired development of the endocrine
pancreas and increased susceptibility to diabetes. Studies in
experimental animals showed that these changes can be
reproduced by subjecting either fetal or early postnatal animals
to general protein/calorie malnutrition (Weinkove et al. 1974).
For a review of intrauterine programming of the endocrine
pancreas, see Fowden and Hill (2001).

Maternal protein-undernourished rat fetuses show long-
term morphological changes in B-cells, insulin secretion, blood
pressure and hepatic metabolism (see Desai and Hales 1997).
The measurement of insulin precursors, 32-33 proinsulin, has
thrown light on the understanding of noninsulin-dependent
diabetes in man (Rhodes and Alarcon 1994); and is currently
the subject of study in horses (N. Holdstock and A.L. Fowden,
personal communication) as a potential means of diagnosing
the IUGR-affected foal in vivo.

Micronutrient-induced disturbances (vitamins, minerals)
during early fetal life have been recently studied (for review, see
Ashworth and Antipatis 2001). These authors state that
deficiency of specific micronutrients, such as zinc, may result in a
greater incidence of fetal malformation and embryo resorption
than general undernutrition; moreover, the range of
micronutrients that affect development, number of critical
developmental stages, diverse biochemical systems and types of
tissue, combine to increase the risks from inappropriate
micronutrient status. The authors proposed a unifying hypothesis
that micronutrient-induced disturbances affect the balance
between the generation of free oxygen radicals and production
of antioxidants. These studies are based on the rat, pig, mouse,
rhesus monkey and man; similar studies are lacking for the horse.

Endocrine disturbance

Hormones play a central role in the control of fetal growth and
development (Fowden 1995; Fowden and Forhead 2001),
acting on tissue accretion and differentiation. Insulin
stimulates fetal growth via its effect on mitosis and nutrient
availability for tissue accretion, whereas cortisol acts on tissue
differentiaton and maturation.

Nutritional availability in utero is a major influence on
circulating levels of hormones (e.g. insulin, thyroxine, cortisol
and prostaglandins) and growth factors which, in turn, regulate
uptake and metabolism of nutrients by the fetus. Nutrient
availability also regulates the duration of pregnancy in any given
individual (Fowden 1989; Fowden and Forhead 2001). When
nutrient availability is limited, fetal concentrations of insulin and
thyroxine fall, while those of prostaglandins and cortisol rise
(Fowden 1985). These endocrine changes occur whether the
substrate is restricted by maternal undernutrition, placental
insufficiency or by reduction in uterine or umbilical blood flows
(Fowden 1985). These endocrine changes are interdependent,
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e.g. an increase in cortisol, due to undernutrition of the fetus,
curtails growth and the demand for nutrients; thyroxine
regulates oxygen consumption in the fetus and decreases
during episodes of hypoxia, enabling the rate of oxygen
utilisation to be matched to supply (Fowden et al. 1998).
Changes in endocrine status of a fetus, therefore, may have
profound significance on body growth and microstructural
elements of specific organ systems in individuals affected by
disturbances at the placental/endometrial interface.

Fetal corticosteroids contribute to the maturation of many
organ systems and regulate the transition from intrauterine to
extrauterine life. This is achieved via activation of the fetal
hypothalamic pituitary adrenal (HPA) axis and has been
studied most intensively in the sheep (for review, see Mathews
et al. 1995). In this species, the fetal adrenal cortex exhibits a
triphasic pattern of secretory activity, highly active at Days
55-60 and at term, Day 145, but relatively unresponsive to
ACTH between Days 80-125 (Challis and Brooks 1989). In
contrast, in the fetal foal, there is a poor response to ACTH
administration for the majority of gestation and instead
maximal responses are obtained in the immediate postpartum
period (Silver et al. 1984; Silver and Fowden 1994). The
placental enzyme 11B3-HSD converts active cortisol to inactive
cortisone in the mare; therefore, the placenta forms a barrier
to cortisol transfer between mare and fetus (Chavatte et al.
1995) which is a mechanism that protects the fetus against
maternal levels of the hormone. The transplacental cortisol
gradient is higher in the horse than in the sheep, where 2
isoforms of the enzyme have been identified, i.e. types 7 and
2 (Yang 1997). Fetal cortisol and 11B-HSD2 activity in fetal
sheep also plays a role in parturition in this species (Clarke et
al. 2002) by regulating local actions within the placental
tissues, but this has not yet been confirmed in the horse.

It is of interest that the fetal foal lives in a higher oxygen
milieu than the fetal lamb (Comline and Silver 1970); this may
relate to the level at which hypoxaemia becomes injurious to
the foal compared to the lamb in terms of survival and
development in utero and postnatally.

Another potential influence on normal growth and
development is the finding that the fetal foal deaminates little
amino acid and has limited glucogenic capacity (Fowden
1997); it is, therefore, more dependent on transplacental
supply of glucose than other species studied. Further, the rates
of umbilical uptake and uteroplacental consumption of
glucose are relatively high, the gravid uterus accounting for
70% of the maternal rate of glucose utilisation in late
gestation (Evans 1971). These high rates of glucose
consumption in utero may, in part, explain the vulnerability of
the equine fetus to nutritional challenge during gestation
(Fowden et al. 1994).

Clinical consequences of IUGR

The clinical consequences of IUGR may be illustrated by the
individual that:

1) is reduced in size and/or appears undernourished at birth;
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Fig 3: A view of chronic endometritis and gland nest formation
association with disturbed placental attachment and function
by Bracher et al. (1996).

2) exhibits signs of malaladjustment, as judged by the criteria
of normality for the species. In precocious species, such as
the foal or lamb, signs are more obvious at birth than in
altricious species, such as man;

3) has suffered subtle growth retardating effects in utero and
may, in consequence, have functional deficits that are
never exposed or identified because of the individual's way
of life. This is in contrast to another individual exposed to
more severe environmental challenges in which clinical
signs appear.

The following examples are given to illustrate these clinical
aspects of IUGR.

Sudden infant death syndrome (SIDS)

It has been postulated that IUGR is associated with an
increased risk of sudden infant death syndrome (SIDS) in
which affected infants have reductions in both weight and
length, suggesting that responsible mechanisms start early in
pregnancy (Buck et al. 1989). Employing stereological
techniques (Sterio 1983), it has been reported that SIDS
infants have markedly fewer renal glomeruli (Hinchcliffe et al.
1992), pulmonary terminal bronchiolar ducts, phrenic nerve
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myelinated axons and neocortical neurons, compared to non-
SIDS infants (Sibbons et al. 1998). These authors also
hypothesised that SIDS victims have limitations in reserve
capacity in some organs critical to survival in the face of
physiological challenges during extrauterine existence.

Pulmonary effects

Placental insufficiency resulting in fetal substrate deprivation,
hypoxia, and cigarette smoking in human subjects are known
to cause fetal pulmonary hypoplasia (Harding 1995) and other
disorders that continue through the postnatal period into later
life (Shaheen and Barker 1994), including an increased risk of
chronic obstructive pulmonary disease (Barker et al. 1991).

Muscle function

Numerous contractile and metabolic functions depend on
muscle, including breathing, locomotion, posture and
thermogenesis; defects in muscle development could,
therefore, impair any of these functions. IUGR may result in
disproportionate reductions in muscle mass and selective
atrophy of type 2 (fast twitch) fibres in adults (Dauncey 1998).

Neuronal damage and hypotension

Frequent, brief episodes of asphyxia are more injurious to
neuronal integrity than are a single, longer insult (Mallard et
al. 1995). One of the most common causes of fetal asphxyic
episodes is cord occlusion. In the equine, a long cord is
necessary for successful delivery, a feature which may make
this species more susceptible to cord twisting (occlusions) and
resultant asphxyic episodes. During asphyxia, blood circulation
is redistributed giving priority to perfusion of the brain and
heart, through activation of peripheral chemoreceptors and
endocrine responses that include secretion of arginine
vasopressin (AVP) and catecholamines (lwamoto 1993). The
postnatal consequences of asphyxia may range from the
severely disadvantaged newborn that may fail to survive to
subtle neurological deficits that are diagnosed only when the
individual faces specific challenge of an intellectual (in human
individuals) or physical nature.

Figs 4a,b: The allantoic and chorionic surfaces of grossly normal placentae and those associated with full-term normal foals. Note
the diffuse nature of the placenta, the relatively short cord and clear unstained amnion.
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Osteochondrosis (OC)

Osteochondrosis is a general term for a disturbance in the
physiological process of bone and cartilage formation in the
articular epiphyseal cartilage complex of the growing
individual (Hurtig and Pool 1996). The primary lesion affects
the differentiation and maturation of the cartilage cells and
surrounding matrix destined to be replaced by bone. There is
a strong breed predisposition; ponies are not commonly
affected, but Thoroughbreds, Standardbreds and some other
performance breeds have a relatively high incidence (for
references, see Jeffcott 1991; van Weeren and Barneveld
1999). This may be due to variables of genetics, size
environment/management factors or biomechanical stress.
However, the disease is also very common in pigs, and
congenital predisposing influences resulting from IUGR
would, therefore, seem worthy of investigation. Preliminary
reports of microstructural development, during in utero
development, suggest there are differences between ponies
and Thoroughbreds and that the latter may suffer a degree of
IUGR compared with the former (Beech et al. 2001).

The exact aetiology of OC is still contentious, but there is
growing evidence that insulin-induced effects on growth
hormone associated with feeding of carbohydrate-enriched
diets postnatally may play a role (Jeffcott and Henson 1998).
Pool (1993) refers to inherent metabolic defects in the
cartilage of some individuals. Cases of OC occur in foals age
less than one month and the search for congenitally derived
susceptibility might prove rewarding.

The process of mineralisation of bone tissue during
prenatal life is related closely to regulation of calcium and
phosphorus metabolism at the time. This is influenced by
1) mineral metabolism of the mother, 2) placental activity and
metabolism and 3) the endocrine regulation of the fetus itself
(Royer 1981). There appear to be few reports of prenatal
microdevelopment in the horse, but the milieu of fetal
development is important to these aspects and it seems
reasonable to hypothesise that IUGR has not only the
demonstrable effects at birth, but also long-term
consequences programmed into the individual as a result.

Equine IUGR
Clinical background

The concept of prenatal origins of newborn foal conditions
(Fig 2) was established in the 1970s (Rossdale 1972a,b;
Rossdale and Leadon 1975). The term dysmaturity was coined
from the human literature (Gruenwald 1963) to describe foals
showing signs of immediate postnatal maladjustment and
weakness, i.e premature-like but delivered in the full-term
period of >320 days gestation (Rossdale 1976). The terms
IUGR and placental deprivation (Gruenwald 1963) denote
clinical signs of malnourishment and physiological deficits
inherent in those individuals born following a gestation
involving interference with normal placental transfer of
metabolites and nutritional requirements in utero.

Fetal programming: potential effects of IUGR

In the 1960s, increasing emphasis was being placed upon
the prenatal origin of conditions and diseases of the newborn
in both human and veterinary medicine. A summary of known
intrinsic and extrinsic factors that may affect fetal
development adversely and thereby interfere with adaptive
processes was presented by Rossdale (1972a), as illustrated in
Figure 2. At that time, emphasis was almost entirely upon
neonatal conditions arising from prenatal and intranatal
events (Rossdale 1972b; Rossdale and Leadon 1975). Rossdale
(1972a) classified neonatal conditions into 4 groups, of which
Group Il encompassed those individuals with neonatal
maladjustment syndrome (NMS), previously known as Barker’s
(Reynolds 1930), convulsive and allied syndromes (Mahaffey
and Rossdale 1957) or respiratory distress syndrome (Mahaffey
and Rossdale 1959); Group /I also included individuals with
dysmaturity, immaturity or prematurity. Twenty years later,
NMS was recognised as a syndrome divided into 2 categories
according to aetiology and pathogenesis starting prenatally or
intranatally (for a review see Hess-Dudan and Rossdale
1996a,b). The conditions of prematurity and dysmaturity are
essentially ones of common origin, as their clinical signs are
the result of prenatal disturbance at some period of gestation
(see Fig 2); and the distinction is based on an arbitrary
definition related to gestational age, i.e. 320 days.

IUGR and the older individual

The epidemiological observations of the relationship between
IUGR and conditions in later life, as proposed by Barker and
Ormond (1986), would seem to have particular relevance to
horses whose purpose is primarily athletic performance of an
exacting nature, such as racing, 3-day eventing and similar
pursuits. van Velzen et al. (1995) drew attention to similarities
in pathogenesis of postnatal conditions in humna and equne
‘infants’ due to IUGR. In 1998, it was hypothesised (Rossdale
and Ousey 1998a) that the ‘second day syndrome’ (Rossdale
and Leadon 1975), i.e. foals whose condition deteriorates
markedly on the second day postpartum, is the result of
intrauterine growth retarding effects that disturb pulmonary
and metabolic function. The signs of this become apparent in
foals during the first few days postpartum, as the demands for
extrauterine adaptation and athletic performance are imposed
on this precocious species within a few hours of birth.

Clinical range of potential IUGR effects

The range of possible effects of IUGR on the neonate and
older horse have been proposed (Rossdale and Ousey 1998b)
as follows:

1) pulmonary failure in the newborn resulting in atelectasis
and respiratory distress, particularly on the second and
third day postpartum;

2) failure of the individual to establish an immediate
postnatal respiratory rhythm;

3) disturbances in microstructure resulting in imbalanced
relationships between the terminal bronchiolar/alveolar/
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arteriolar proportions, thereby predisposing to exercise-
induced pulmonary haemorrhage (EIPH);

4) neuropathies involving idiopathic laryngeal hemiplegia and
denervation of laryngeal muscles (Duncan et al. 1991)
which might originate from effects of IUGR on
myelenisation or selective neuronal apoptosis;

5) other conditions, including hyperlipaemia (Love 1990),
chronic obstructive pulmonary disease (COPD), OC (see
above) and myopathies.

Desai and Hales (1997) emphasised that fetal growth and
development is controlled by genetic factors determined by
the fetal genome and environmental factors, such as maternal
nutrition, that alter the expression of the fetal genome. This
concept may be applied to horses, particularly with respect to
the narrow genetic base of Thoroughbreds whose linearity
stems from 30 founders only, 27 of these being male; 10
founder females account for 72% of maternal and 1 stallion
for 95% of paternal lineages (Cunningham et al. 2001). With
a narrow genetic base in the population, it might be expected
that performance would have a correspondingly narrow
presentation. This is not the case, however, which suggests
that the environment in utero may play a significant role in
influencing the athletic expression of the genome.

Possible routes of fetal disturbance during
pregnancy

In the pathway between the external environment and fetal
wellbeing (Fig 1), possible routes of interference may occur
as follows:

—_

the maternal interface with the external environment;

)
2) the alimentary mucosa;
3) the maternal pulmonary air sacs/blood circulation;
4) disturbances in maternal metabolic and homeostatic

mechanisms;

5) the endometrium;

6) disturbances due to a) placental pathology and b) associated
endocrine changes;

7) disturbances within the a) umbilical and fetal blood
circulation and b) maternal uterine circulation.

These routes of potential interference are discussed
briefly below.

1) The external environment

The mare may be subjected to environmental stress resulting
from extreme exertion or disturbances, such as hunting or low-
flying aircraft in their vicinity, the need for extreme exertion or
any factor causing flight. The subject of maternal stress is
usually addressed in terms of the risk of abortion, rather than
potential effects on fetal growth and development.

Maternal inappetence or deficiencies in nutritional quality or
quantity of intake may affect the fetus, both by deficiency and
excess, imbalance in composition and in temporal terms of the
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stage of pregnancy (Fowden et al. 1994). However, there are few
reports correlating nutritional intake of the mare with specific
long-term consequences in the foal as it matures in later life.

Important external environmental influences associated
with abortion include infectious agents such as herpesvirus,
arteritis and leptospirosis (Acland 1993), whereas bacterial and
fungal infections may, in association with placental pathology,
result in IUGR. The ingestion of noxious substances, such as tall
fescue endophyte (Boosinger et al. 1995; Brendemuehl et al.
1995) presents definitive risks, as does the administration of
drugs; but most reports, with respect to pregnancy, have dealt
with resulting fetal death and abortion, rather than that of fetal
stress and postnatal consequences. In horses, most studies
have concentrated on long-term developmental effects with
respect to postnatal dietary regimes. The subject of cause and
effect relationships of all the above mentioned elements on the
fetal horse require epidemiological and experimental studies
that await finance and motivation to be performed.

2) The alimentary interface and digestive processes

Nutrition is important from the very early stages of gestation,
but the relationship between pathology or functional
disturbance of the mare’s gut and fetal consequences deserves
further study. Enteropathies occur which may be long-term or
temporary and may, correspondingly, limit the absorption of
essential elements of nutrition at critical stages of fetal
development. When these occur at the interface of the
maternal alimentary tract, the mare’s metabolism may be able
to compensate and maintain fetal nutrition at adequate and
normal levels. However, possible long-term effects on postnatal
development have not been investigated in such cases.

An interesting case illustrates this point. A 12-year-old
Thoroughbred mare, lactating and 90 days pregnant, was
referred due to severe weight loss (N. J. Wingfield Digby,
personal communication). Investigation indicated a
malabsorption syndrome, confirmed by negative glucose
absorption  test. Lymphocytic-enteritis, possibly  of
autoimmune origin, was diagnosed from multiple intestinal
biopsies. Three months later, following therapy with
corticosteroids and antimicrobial drugs, the mare’s condition
had improved and a positive glucose absorption test was
recorded. An apparently healthy colt, of normal birthweight,
was delivered at 342 days gestation. At age 7 months a
cardiac arrhythmia was found, consisting of extrasystoles.

This case shows that maternal alimentary malabsorption
does not always cause fetal growth retardation, but the finding
of a cardiac anomaly may indicate a relationship with fetal
deprivation during the early stage of pregnancy. It has been
shown in several species that normal muscle development is
dependent on thyroid, growth, insulin and steroid hormones
(Dauncey 1998) and, during undernutrition, the resulting
increase in cardiac thyroid hormone receptors (Tra,) affects
cardiac contractile ability and reduced a-myosin transcription
(White and Dauncey 1998). Although conclusions cannot be
based on one equine case, this illustrates the potential
relationship of prenatal disturbance and subtle postnatal effects.
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Fig 5a: Placenta of a foal delivered prematurely with 50% of its
placental surface avillous. The foal survived, however, but was

delivered ‘small for dates’ and suffered IUGR in consequence of the
loss of placental attachment.

Fig 5b: Placenta of foal delivered at full term suffering necrosia
at cervical pole. The artery to this area had inflammatory changes
which may have been the cause of ischaemia or the result of the
inflammatory process ascending into the artery.

3) Pulmonary deficits

Chronic obstructive pulmonary disease and hypersensitivity of
airways (Robinson 2001) are common features of
broodmares, but there is no evidence to suggest that this
affects the delivery of oxygen to the fetus or the
accumulation of carbon dioxide in the maternal circulation to
such a degree as to reduce the normal exchange of gases at
the placental uterine interface.

4) Maternal conditions affecting homeostasis

Any condition which affects the thermoregulatory, endocrine
or metabolic state of the mare may influence the uterine
circulation and, thereby, affect the milieu of the fetus. The
risk of this occurring depends on the nature of the condition,
its severity and, probably, the period for which it lasts, in
addition to the stage of gestation at which it occurs.
Conditions which produce endotoxins or increased levels of
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Fig 5c: A grossly enlarged and thickened oedematous chorion
associated with a foal suffering from IUGR at full term. The
oedema was presumed to be the result of circulatory disturbance in the
fetus. The foal showed severe signs of dysmaturity and did not survive.

prostaglandin, or cause endocrine imbalances, may result in
abortion or have deleterious effects on fetal development
through the passage of substances across the placenta or by
causing disturbances in blood flow on either side of the
uterine/placental interface. Anaesthesia is a high risk
procedure in the pregnant mare and may cause periods of
fetal hypoxia (Taylor 1997).

The consequences of colic and abdominal surgery have
not received extensive epidemiological studies of cause and
effect, although anecdotal accounts exist and there are reports
of follow-up to cases (Santschi et al. 1991). From these, it
would seem that, as far as abortion is concerned, the results
are greatly influenced by the individual and there is no
generality as to outcome. With respect to intrauterine growth
retarding effects, the evidence is even less and most anecdotal
accounts fail to convince because of the large number of
variables involved in postnatal growth, development and
soundness of each individual. Once again, there must be value
for future studies in this regard if we are to understand the
subject of the effect of maternal disturbances relative to the
programming of the equine fetus for future life.

5) The maternal endometrium

Studies have shown that chronic changes (Fig 3) in the
endometrium adversely affect the relationship between the
chorion and the endometrium (Bracher et al. 1996; Flood
1996). Bracher et al. (1996) found failure of attachment of
the placenta in areas where cysts were present; and chorionic
macro- and microvilli appeared shorter in 2 subfertile mares
with lower weight of the fetus compared with healthy
controls. It was hypothesised that lengthening of the
pathway between the maternal and fetal circulations or the
restriction of blood supply and uterine gland production
disturbs the transfer of material both to and from the fetal
circulation or to the placenta itself. This latter element is
important because nourishment of the placenta is essential to
both the health and length of the pathway between maternal
and fetal circulations.
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6a) The placental endometrial interface and placental
pathology

The structure of this interface has been well described by
Stevens and Samuel (1975); the morphology of the placenta
by Whitwell and Jeffcott (1975) and its pathology by Whitwell
(1988), Cottrill (1991) and Cottrill et al. (1991). In the context
of IUGR, pathology may impede diffusion or restrict diffusion
pathways between maternal and fetal circulations.

The functional relationship of the normal maternal/fetal
interchange across the placental ‘barrier’ has been
investigated, from the early pioneering work of the late Robert
Comline and Marian Silver (Comline et al. 1975) to more recent
studies by Fowden and Silver (1995) and Allen et al. (2002).
Studies in several species (Schneider 1996) demonstrate that
major features of remodelling of the placenta occur during
early gestation in villous surface area and in diffusion distance
between maternal and fetal circulations. There is oversupply of
nutrient available to the fetus in early gestation but, in late
pregnancy, the balance reduces, thereby putting the fetus at
risk of growth retardation (Schneider 1996).

Clinical appraisal of these relationships in the horse is
largely empirical and based on the condition of the placenta
when it is expelled relative to the health status of the
individual foal (Figs 4a,b). It is clear that placental pathology,
at the time of delivery, is evidence of potential injurious
processes to the survival prospects of the foal; and the extent
of the pathology of the placenta has been noted in relation
to the chances of survival (Figs 5a—c). For example, villous
atrophy/hypoplasia, placentitis, thickening or oedema of the
allantochorion or amnion have been associated with fetal
death or delivery of low birthweight live foals (Whitwell
1988; Rossdale et al. 1991). Diminution of the placental area
of function, increase in length of diffusion pathways (Fig 6)
and disturbances in endocrine balance all appear to form
part of the pathogenesis of the effects on the fetus, but the
nature and extent of these disturbances in the fetus have yet
to be elucidated.

Fig 6: Histopathology of a section of placenta that has been
grossly thickened by an inflammatory process associated with
mycotic infection. This illustrates the destruction/lengthening of
diffusion pathways at the endometrial/placental interface.
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6b) Associated endocrinology of placental pathology

The relationship between placental disturbance and changes
in endocrine production and/or metabolism has been
identified from studies on maternal plasma progestagen
concentrations in cases of twins and where placental
pathology exists in cases of singletons (Rossdale et al. 1991).
The progestagens involved are, predominantly, 5a-pregnane-
3,20-dione (5a-DHP), 5a-pregnane-3b,20a-diol (ba-diol) and
20a-hydroxy-5a-pregnan-3-one (20a-5P), all of which rise at
term (Holtan et al. 1975, 1991; Rossdale et al. 1991). The
finding of precocious increments (Rossdale et al. 1991) in
cases where placentitis develops during the period
200-300 days gestation is evidence of altered endocrine
status of the individual;, raising questions both as to
associated changes in other hormone pathways in the
feto/placental/ endometrial unit, and consequent changes in
fetal growth and development at a microstructural and
functional level.

Adrenocortical function has been shown to play a central
role in the final stages of fetal maturation for postnatal
survival (Nathanielsz et al. 1975; Fowden and Silver 1995). In
the horse, compared with the sheep and pig, plasma cortisol
concentrations increase relatively late, i.e. a few days prior to
parturition (Fig 7). This supports the conclusion that
readiness for birth (i.e. final stages of preparation; Rossdale
and Silver 1982) presents a relatively brief window of
opportunity for delivery of the individual with normal
adrenocortical function, even in the full-term period of
320-340 days gestation. Conversely, when the fetus is
stressed, as in cases of placental pathology, either naturally-
occurring  or induced experimentally, precocious
adrenocortical function may be present as early as 280 days
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Fig 7: Showing the late rise that occurs in fetal cortisol
concentrations before birth of the foal compared with the rise
that occurs in the sheep and the pig (from Silver and Fowden
1988). Cortisol plays a central role in maturation, particularly in the
final ‘switching on’ of the fetal foal for postnatal adaptation and in
the initiation of parturition.
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Fig 8: lllustrating the competition for the placentae for
attachment in the case of twins. a) Singleton; b) twins of about
equal size; c¢) twins of dissimilar size; d) one twin undergoing
mummification. Twins are a natural model of intrauterine growth
retarding effects (from Jeffcott and Whitwell 1973, with permission).

gestation (Rossdale et al. 1991; Ousey and McGladdery
2000; LeBlanc 2001). In contrast, if a mare is induced to foal
by exogenous administration of drugs or through
derangement of intrinsic physiological processes of
parturition (usually with no placental pathology or mammary
development), hypoadrenocortical function is present in the
newborn foal (Rossdale and Silver 1982; Silver et al. 1984).

7a) Fetal circulation

The fetal circulation deserves special consideration, because of
the diffuse nature of the placenta and its extended length, of
some 365 cm between cardiac outlet and inlet. The circulation
courses through the fetal aorta, umbilical cord of, on average,
55 cm length (Whitwell and Jeffcott 1975), and allantoic arteries,
chorionic capillaries, into and out of the microcotyledonous
vessels, thence returning through the venous system and the
liver to the cardiac inlet to complete the circle.

There is little information available in the horse regarding
pressure gradients in this cardiovascular circuit. In lambs,
mean arterial pressure increases during pregnancy from
mean 30 to 60 mmHg at term (Dawes 1968), with a
corresponding increment in cardiac output (Silver et al.
1982). The control of flow in the fetal foal must be finely
balanced, especially in supplying the peripheral areas of
placenta at the cervical pole, and in view of the absence of
a ductus venosus. It has been postulated that some cases of
the commonly experienced placental pathology in this region
are the result of ischaemia associated with an overlong cord
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(Smith et al. 1999), in addition to those caused by ascending
infection (LeBlanc et al. 2001).

The circulation may also be impeded by pressure on the
umbilical cord causing restriction to veins, arteries or both.
This may come about by entanglement with the fetal limbs
or by compression between the fetal body and uterine wall.
Such compression may be accentuated by the presence of
cysts or pedunculated structures attached to the amniotic or
allantoic portions of the cord. Compression may be
sufficiently severe to result in a fatal period of fetal
hypoxaemia or of a lesser chronic nature, leading to
sufficient interference to arrest fetal development but not to
fetal death. In these circumstances, the risks of neuronal
damage are high, as discussed above. Long cords (>80 cm)
have been suggested as a cause of fetal death and abortion
(Whitwell and Wood 1992); and their length may add to the
chance of both entanglement with the fetal limbs and
compression against the uterine wall, and may also add
significantly to cardiovascular considerations of blood flow.
Silver et al. (1982) calculated that <2% of total umbilical
arterial blood flow perfused the fetal membranes, compared
with 5% in the sheep. However, the diffuse nature of the
placenta may require a higher proportion of flow to satisfy
the nutritional requirements of the nonmicrocotyledon tissue
and, therefore, make this tissue at more risk of ischaemia
and subsequent pathology.

7b) Maternal uterine circulation

Age-related changes of uterine arteries (Nambo et al. 1995),
involving hyperplasia of elastic fibres, may also play a part in
the development of chronic endometritis and in diminishing
perfusion in the maternal microcotyledons.

Models of IUGR in the horse

Twins are a natural model of IUGR in the horse because of
competition between the 2 placentae for attachment to the
endometrium (Fig 8). The outcome of such pregnancies is
either fetal death or undersize as a result of an
undernourished state, with poor prospects for survival of one
or both members (Ginther and Douglas 1982).

There are several experimental models of IUGR which have
been developed in the horse:

a) placental separation or ligation of vessels in mid to late
gestation, designed for the purposes of studying
progestagen metabolism (Rossdale et al. 1991);

b) ascending placental infection (Leblanc et al. 2001);

¢) implantation of Thoroughbred embryos into pony mares,
and vice versa, in order to compare placental
microstructural development, fetal and postnatal growth
and endocrine changes (Allen et al. 1998, 2002). These
authors found that the extent of fetal development was
related to maternal size, with the gross placental area, size
and density of microcotyledons being the primary
operative controlling mechanisms.
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apparent only in later life (e.q. heart disease) as discussed in the text.

In these models, the effect on foals resulting from the
disturbed pregnancies have been noted as abortion, premature
delivery, dysmaturity or apparent normality at full-term birth.
However, in some of the latter, skeletal problems became
apparent in later development. The resulting outcomes for
foals under these experimental conditions, therefore, mirrored
those seen under natural conditions.
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Consequences of deprivation on the equine
fetus

The term stress has been used to describe conditions of
challenge (Figs 9a,b) occurring to the fetus in utero, for
example placentitis, or other deleterious circumstances
(Rossdale 1976a), such as hypoxaemia, malnutrition or
acidaemia. Acute or chronic states are recognised. The end
point of stressful conditions in utero depends upon their
nature, severity, stage of gestation and duration, and
includes fetal death, neonatal maladjusted states or more
subtle effects in the individuals, apparent in later life (Fig 9b).
The most obvious clinical conditions are abortion,
dysmaturity, maladjustment and prematurity. However,
potential effects in later life include abnormalities of skeletal
development, i.e angulations, OC and developmental joint
disease. Therefore, stress of any origin or pathogenesis
causing IUGR may condemn the affected individual to a
range of conditions presenting in the adaptive period in the
first 4 days postpartum, in the period of further development
to maturity or beyond.

Parameters of normality for several organ systems,
adaptive behaviour and physiology of the newborn foal have
been well documented (Barnes et al. 1975; Nathanielsz et al.
1975; Jeffcott et al. 1982; Rossdale et al. 1984a,b; Rossdale
and McGladdery 1991). Although some foals may appear to
be normal with respect to physical and behavioural criteria,
they may not display functional maturity of various organ
systems. Similarly, even if their physiology appears normal at
rest, organ systems may not be able to maintain adequate
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Fig 9b: Illustration of prenatal periods of fetal stress (insult) varying in duration and intensity (arrows) in relation to cell
differentiation and growth spurts (Rossdale 1997). Some of the resulting conditions are listed on the right.
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Fig 10: Stereology refers to a method of determining organ or
tissue microstructure by a precise and orderly approach (Sterio
1984). a) illustrates the taking of samples from the lung. From these,
the microstructures (e.g. number of terminal bronchiolar ducts) can be
calculated employing a 3-dimensional microscope. The system allows,
for example, the number of glomeruli in the kidney to be calculated
in a repeatable and unbiased manner. The difference between
counting, in a 3-dimensional (b) compared to a 2-dimensional (c)
manner, is illustrated by the glass beads in a jar; in (b) all the beads
can be counted.

homeostatic balance under stressful conditions, thereby
resulting in clinical conditions in later life. It has been
hypothesised that the pathogenesis of conditions such as
exercise-induced pulmonary haemorrhage (EIPH) or
neuropathy may include microstructural deficiencies acquired
in utero (Rossdale and Ousey 1998a,b).

Fetal programming: potential effects of IUGR

Microstructural studies of equine IUGR

Relatively little is known regarding organ development
(organogenesis) in the equine fetus, foal or older individual.
Development and growth have been studied, employing
changes in mass or dimensions of the whole body or specific
organs or tissues (Douglas and Ginther 1975; Platt 1984).
Postmortem studies or those employing ultrasonography in
vivo have compared gross mass organ development in
relation to gestational age (Adams-Brendemuehl and Pipers
1987; Ginther 1992). Detailed histological studies of specific
organs, e.g. adrenals, gonads, lungs and pituitary, have
correlated development with gestational age. The number
of functional units required for organ sufficiency, including
compensatory potential, is currently under study (Beech et
al. 2001).

The approach to a dedicated system of 3-dimensional
appraisal of microstructure developed by Sterio (1984)
opened a novel way to determine the effects of IUGR on
organ  microstructural development in individuals
(Figs 10a—c). This approach has rendered some interesting
avenues of investigation, albeit in morbid and not living
specimens. Similar studies are beginning to emerge in horses
examining the stereological development of various organ
systems, including the placenta (Allen et al. 2002). One
study, reported by Beech et al. (2001), has shown that the
lungs of ponies are more developed at birth compared with
Thoroughbreds; and that Ilung development in
Thoroughbreds  continues after birth, a unique
micromorphogenic postnatal development in this species
compared to others studied. In another study, Holdstock et
al. (2001) have shown that the microstructural development
of kidneys is equivalent in ponies and Thoroughbreds at
birth. Further studies are being conducted to examine
whether the development of these organs is affected by
intrauterine disturbances and illnesses encountered during
pregnancy and in later life, respectively.

The relationship between organ function and its
microstructural development is the objective of further studies
currently being performed in Newmarket on the microanatomy
of laryngeal nerves (M. O'Donnell, personal communication).

Material is currently being collected for a study aiming to
classify the stereology of the equine recurrent laryngeal
nerve in horses observed to have normal and abnormal
grades of arytenoid asymmetry. Sections of nerve collected
postmortem in a series of horses subjected to euthanasia for
other reasons are currently being analysed. Where possible,
clinical data collected antemortem include examination at
exercise and endoscopic evaluation of the larynx at rest. It is
hoped that any comparisons drawn will highlight differences
between left and right nerves and also differences between
various grades of asymmetry. In Cambridge, a study on
insulin sensitivity and pancreatic microstructure is in
progress. These studies aim to develop clinical tests which
can be used in vivo to identify the presence of IUGR-related
microstructural deficits of specific organ systems in a
particular individual.
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Conclusions

There is abundant evidence from many species, including man,
that fetal programming for postnatal organ functions may be
disturbed by untoward events occurring at any point in the
pathway between the external environment of the ‘mother’ and
the in utero environment of her fetus. The resulting disturbance
in physiological equilibrium may present as clinical conditions in
later life. Little is known of this relationship in the horse. It is
improbable that this species is different, although breeds such
as the Thoroughbred, selected for athletic performance, may be
more at risk than native breeds selected less intensively.

Further studies of the relationship between fetal
pertubations and postnatal conditions in the horse should
include attempts to correlate placental structure and
pathological evidence in the fetus/newborn/mature individual
employing epidemiological and microstructual techniques.
Although experimental models (see above) are useful, their
use may be limited due to ethical and financial restraints.
Studies in the field of the naturally-occurring pathogenesis
would seem, therefore, to be both practical and necessary. Nor
should it be overlooked that the information thereby obtained
may contribute important comparative information on a
subject of great human medical importance. The suggestion
from preliminary microstructural studies that the horse is
unigue in postnatal development of pulmonary tissue opens
the way for further avenues of understanding and potential
for therapy. The development of diagnostic tests in vivo is also
of paramount importance both for the horse and for man.
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