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INTRODUCTION

Historically, consderable efforts have been made to understand hownutrition impacts health and
produdivity during the pognaal period. While maternd nutition durng pegnancy plays an
essential role in proper fetal and placental development, less is known abouthow maternd
nutritionimpeacts the health and produwtivity of the offspring. Indesd, the prenaa growth
trajectory is sengtive to the direct and indirect effects of maternd dietary intake from the earliest
stages of embryonic life when the nutrient requirements for conceptus growth are negligible
(Robinon @ a., 1977). Mt ony isneonaa health compromised, butthe subsequent health
may be (progiammedQeas offspring fromundenourished dans have been shown to exhibit poor
growth and produdivity and also to develop sgnificant diseases later in life (Barker et d., 1993
Godfrey and Baker, 2000).

Fetal, or developmental progranming, cefined as the conaept that amaterna stimulusor inult at
acritical peiod in fetal development has long rm impacts on te offspring, wes origindly
coined by Dr. David Barker, & Southampton University in Engand (Baker et d., 1993; Godfrey
and Baker, 2000). Baker and hs colleagues sudied birth recordsin the United Kingdomand
Europe and rdated different maternd stresses to infant weightand physcal characteristics at
birth and o subsequent hedlth datusin later life. Of interest was that they deermined tha
maternal undenutition in thefirst half of gestation, fdlowed by alequae nutition from mid-
gestationto term, resulted in infants of nomal birth weight, which were propotiondly longe
and thinnea than normal. This early fetal undenutrition resulted in anincreased incidence of
health prodems experienced bythese individuds as adults, induding obeity, dabees, and
cardiovascular disease. In livestock prodiction ttings undenutrition can often occur during
gestation, particularly duringthefirst two trimesters. This results from either low feed reserves
and(or) management prectices that result in cows loang weight during late fall and early winter
(Sletmoen-Olsen et d., 2000gb). However, current daaindicate tha health and gravth of
offspring born fromundenourished mothers are diminished (Godfrey and Baker, 2000;
Vonnahme et al., 2003). This theory of developmental progamming ha been experimentally
chdlengad and veified usng ®veral animal models. While variationsin the duraion and
severity of maternal uncernutrition do notalways result in a reduced birth weight, physiologic
aterationssuch as glucose intolerance, kewed growth péaternsand even dterationsin carcass
characteristics have been reported. Therefore, birth weight in and ofitself may not be the best
predictor for calf survival and produdivity.



The obijective of this pgoer isto review the literature on bovne fetal and dacental development
and howmaternal nutitionimpacts fetal, neonaal and posnaal health and performance of the
offspring. While this work will concentrate on bef cattle, examples from other species will be
added when gopropiate.

FETAL AND PLACENTAL DEVELOPMENT

The bovineembryo enters the uterus 4 dgys after ovulation. The critical period of meternd
recognition of prgnancy occurs beween days 15-18 dter ovulation, fdlowed by he initial
stages of early placentation. In the cow, the placenta attaches to discrete stes on heuterinewall
called carundes. These carundes are aglandular proliferationsof connective tissuewhich gopear
as knobsalong teuterineluminal surface. These caruncles are arranged in two dorsl and wo
ventral rows throughouthe length of the uterine horns The placental membranes attach a these
sites via chorionic villi in aeas called cotyledons By day 120 of gatation, e placental
vasculature can beseen radiating outfrom the umbilicusto theindividud cotyledons The
carunaular-cotyledorary unit is called aplacentome and is the functional area of physiologica
exchanges beween cow and calf. In assodiation with the formation of te placentome, the
carunaular area is progressively vascularized to meet the increasing cemandsof the conaeptus
Approximately day 120 of getationis atrandtiond periodin carunaular vascularization, which
sets the gage for subsequent inareases in nutrient trander required to supportthe rapidly growing
fetus (Ford, 1995;Reynoldsand Ralmer, 1995). Itis clear that the placenta plays a fundanental
role in providing for he metabolic demands of the fetus, thus dthough pécental growth dows
during thelast hdf of gestation, plcental function increases dramatically to supportthe
exponential rate of fetal growth (Metcalfe et d., 1988 Ferrell, 1989;Reynddsand Redmer,
1995). Ior example, in sheep and cattle, uterine blood flow increases approxmately three- to
four-fold from mid- to late gestation (Roenfeld & al., 1974 Reynoldset d., 1986;Reynoldsand
Redmer, 1995).

Establishment of a fundiond fetal/placental vascular system is one of the earliest requirements
during conceptus development (Reynolds and Redmer, 1995). However, in orda for the
conaeptusto efectively drav nutrients from the maternd system, the uterine vasculature mug be
propely developed. In cows, preferential vascularity of the carundes begins around day 90 of
gestation, with a marked increase in both blood flow and vascular densty by day 120 of
gestation (Ford, 1995). The establishment of the vascular architecture is essentid if the maternd
sideisto supportthe exponentialy growing fetusduring the last trimester of gestation (Reynolds
and Redmer, 2001). Any detrimental effects of maternal nutrition during this critical
establishment of the maternd-fetal vascular systems would impact the ability of the fetus to
acquire the proper amourt of nutrients and oxygen. All of the respiratory gases, nutrients, and
wastes tha are exchanged beaween the maternal and feta systems are trangorted via the
uteroplacenta (Reyndds and Redmer, 1995, 2001). Thus it is not surprising that feta growth
restriction in a number of expeimenta paadigms is highly correlated with reduced
uteroplacental growth and development (Reynolds and Redmer, 1995,2001). Establishment of
functiond feta and uteroplacental circulations is one of the earliest events during
embryonic/placental development (Patten, 1964; Ramsey, 1982). It has been shown tha the
large increase in trangplacental exchange, which suppors the exporential increase in fetal
growth during the last hdf of gestation (Eley et al., 1978 Prior and Laster, 1979), depends



primarily on the dramatic gromh of the uteroplacental vascular beds during the first hdf of
pregnancy (Meschia, 1983;Reynoldsand Redmer, 1995).

Fetal organogenesisis occurring smultaneoudy as placental development. In the besf cow fetus
as early as 21-22 days pog-ovulation, heheart beat isappaent. Limb development occursas
early as day 25 of pegnancy followed bya sequential development of ather organs induding
the pancreas, liver, adrends, lungs thyrad, gleen, bran, thymus and kidneys (Hubbet et al.,
1972). By da 45, esticles of male calves are beng ceveloped, followed shortly thereafter by
ovarian development occurring by day 50-60 of gestation. Asthe growth trgjectoriesfor these
tissues vary, each tissueis susceptible to subopimal conditions(i.e. maternd undenutrition) at
different time peiods

NUTRITIONAL IMPACTS ON THE FETUS

Undenutrition ofthe pregnant cow during the initial sages of fetal development may appear to
be unimportant because of the limited nutient requirements of the fetusfor growth and
development during thefirst half of gestation. This is accentuated by hefact that 75% of the
growth of the ruminant fetus, for example, occursduring thelast two months of gestation
(Robinson @ d., 1977). Hhwever, it is durng this early phese of fetal development tha maximal
placental growth, dfferentiationand vascularization accurs as well as fetal organogenesis, dl of
which are critical events for normal conceptus development.

Recently, Vonndame et al. (2007) r@orted that multiparousbeef cows bred to the same bull and
carrying female fetuses to a@ther meet NRC requirements to gan weight (average =+ 4.25%
body weight) from d 30 b d 125 of gstation had fetuses which were heavier than cows fed
bedow NRC o lose weight (average = - 6.8% body veight). Upon relimentation, feusesin boh
groupswere smilar in weight near term. Previousstudies in the sheep (Whorwood & a., 2001)
and human (Ravelli et al., 1988 Barker et al., 1993;Godfrey e d., 1996) lave demondrated that
an extended paiod of maternd nutrient restriction durng thefirst hdf of gestation resultsin
relatively nomal birth weights, butleadsto increases in the length and thinness of the neonéae.
Theclinical dgnificance of epidemiologcal daa of the fetal progranmingliesinthe
assodationsbeween trangent redudionsin maternal nutition durng exrly gestation, and the
risk of abnormalities in keletal muscle function, mneralization of boneliver chadesterol
metabadism, inqulin Ecretion, rend development and olesity (Godfrey and Baker, 2000; Rhind
et d., 2001). Wfortunately, a present, little is known aboutthe specific nutrient induced
changesin fetal progamming events resulting in the observed pemanent dterationsin adult
structure, physology and metabolism in the bovine

Specifically, feeding pregnant rats alow-protein diet resultsin lifelong eevationsin blood
pressurein the offspring (Langley and Jckson, 1994). Adoaumented respon of the fetusto
early chronc uncernutrition is sgnificantly increased dood presure (Murotsuki et d., 1997).
Increases in fetal blood pressure are known to result in alterationsin lung vascular remodding in
association with the previoudy mentioned myocardial hypeatrophy inthera (Fabrisand Raito,
2001). Fbris and Rato (2001) peculated that lung groweh in late gestation is adversely affected
by pumonay hypetendon. The pulmonary circulation developsconcomitantly with distal lung
air space growth duing late gestation and early pognatal life (deMello e al., 1991) Wohrley et



a., (1995) denondrated tha hypoxic conditionsselectively induce the proliferation of anooth
muscle cells assodated with the pulmonary arteries in neonatal calves with puimonay
hypeatensdon. The precise rdationship beween dveolar and vascular development during fetd
and exrly pognatal life and the mechanisms that coordnate lung vascular growth and
alveolarization ae uncertain. However, the angiogenic factor, vascular endothdia growth factor
(VEGF), produed from airway epithelial cells, play amajor role in vascular growth
development during fetal life (Zeng @ al., 1998). These findingssuggest that mechanisms may
exist linking lung vascular development with dveolar growth, further suggesting tha disruption
of normal vascularization may contribute to dtered dveolarization, and thuslung function.
Bovinerespiratory diseases make upthemajority of illness and desth loss in the feedlot segment.
Historically, 1545% of feedlot cattle have been dfected with bovine respiratory disease (BRD),
with 1-5% of btal cattle placed on fed, dying of BRD(Kelly and Jnzen, 1986). Rspiratory
disease done accourts for 44.1% of deths in beef feedlot cattle (Vogd and Farrott, 1994). Itis
possible tha gestationd nutrient restriction could increase susceptibility of cattle to respiratory
disease during later life, i.e. in the feedlot.

Ras whos mothers had been fed a diet with alow ratio of protin to energy duting pregnancy
also showed pemanently altered glucose produdion and uilization and assodated inqulin
secretion (Desai e d., 1995). Mvre specifically, Fowden and Hill (2001) lave demondrated in
rodents that changes in theintra-uterine nutritional environment cause dterationsin the sructure
and fundion ofthe pancreatic idets. Altered pancreatic idets have life-long dfects and
predispose theanimal to glucose intolerance and diebetes. Intra-uterine progranming of the
endoaine pancreas in runinant speciesisless well established a present, however, recently in
our laboraories a& NDSU, we have damonstrated that ewe lambs from restricted dams have
altered glucose metabolism (Effertz et a., 2007). While relative inaulin resistance of the adult
ruminant compared to other species make it diffi cult to establish whether fetal changesin islet
development have long &rm consequences, Murphy & a. (2000) reorttha small changesin
nutrient metabolism (determined via respons to aglucose chdlenge) were sufficient to influence
milk produdion inthedary cow.

Aswith other tissues, maternd nuritiond statusis oneof theextringc factors progranming
nutrient partitioning and ukimately growth and development of fetal skeletal muscle (Wallace,
1948;Wallace et al., 1999 Godfrey and Barker, 2000;Strickland et a., 2004;Rehfeldt at al .,
2004). Gowth restriction ems to be especialy important when fetal muscle development
(myogenesis) is adversely affected (Handd and Sickland, 1987¢; Dwyer et a., 193). Keletd
muscle has alower priority in nurient patitioning cmpared to the brain and heart in respong to
the chdlenges to the fetus during cevelopment, rendering it paticularly vulnerable to nutient
deficiency (Bauman et d., 1982;Close and Pettigrew, 1990). The fetal period is crucial for
skeletal muscle development, because nonet increase in nunber of muscle fibers oacurs after
birth (Joreand Layman, 1983;Greenwood & d., 2000 Nissen & d., 2003). Reently,
Greenwood ¢ a. (2004) denondrated tha steers from cows which were nutritiondly restricted
during gestation hal lower live and @arcass weights compared to geers from adequately fed cows
at 30 nonths of age. Interestingly, retail yield on hecarcasses, based on ndices of fatness, were
greater in the steers from nuritiondly restricted cows, indicating that while growth may be
hindered in offspring fram cows receiving low nutrition durng pregnancy, ability to accumulate
fat isnot



Mog early work investigating the effects of maternal nutritionin the cow studied the latter pat
of pregnancy. Snce mog fetal growth oacursin the latter pat of gestation, researchers
hypotesized tha theeffects of variation in nutient intake would hare greater effects than in
early pregnancy. Many dudes reporttheeffects of proein and energy deficiency on birth
weight of thecalf (see review by Hollandand Qdde 1991). In aecent Sudy, when cows are
provided apro&ein supplement during the last third of pregnancy, birth weights were not different
between the treated and wntrol groups(Martin & a., 2007). Hhwever, hafers born fromdams
tha were pratein supplemented duiing the last third of pregnancy had an increased pregnancy
rate compared to heafers from nonsupplemented dams (Martin et al., 2007). The mechanism
behind this increased reprodudive capecity is sill unknown.

Cow nutition prealving ha aso been shown to dfect calf survival. Cowih & al. (1975)
reported that pregnant cows fed 70% of heir calculated energy requirements during the last 90
days of gestation prodwed calves with increased morbidity and mortality rates. Research
conduded at Colorado Sate University (see review by Odde 1988) nvestigated the relationship
between precalving nutitionand disease susceptibility in the neonaal calf. First-calf heifers
produe calves that have lower levels of serum immunogbbulinsat 24 hoursof agethan calves
born b three-year-old and older cows. This occurs even thoughcologral immunogbbulin levels
are amilar for these two age groups Theincreased dsease susceptibility observed in calves
born o first-calf heifersis likely dueto lower volumes of cologrum produe@d by first-calf
heifers, dthough dereased calf vigor & aresult of dydocia may also contribute. Cdves born b
thin (<5 body ondtion sore) two-year-old heafers are less vigorousand have reduced serum
immunogbbudin levels a 24 hoursof age

Effects of maternal nutition during pregnancy on te offspring may have confounad impacts on
neonda development, as the mammary gland, and wlogrum yield ae adso impacted by
maternal diet. In a recent Sudy condwcted at NDSU, lambs were immediately separated from
ther dams, fed artificia cologrum to bod/ weight, and levels of IgG were measured 24 hr &ter.
Offspring fromundenourished dans had increased 1gG trander compared to control fed dams
(Hammer et d., 2007). his suggests tha the fetal gastrointestinal system may be progranmed in
nutrient restricted animals to bemore efficient in extracting nurients, specificaly large
molecules like immunogbbulnsimmediately pognaal, althoughthis has not been determined.

CONCLUSION

While maternd nutrient ddivery duiing pegnancy has been shown to program the growth and
development of the fetus boh duing pregnancy and later into adult life, it appearsthat maternal
nutritionalso programs the development of the placenta. While thetimingand exact nutrients are
not yet clearly ddineated, it appears tha different physological systems (i.e. reproductive axis,
muscle development) may beimpacted at different time points during pregnancy. Further
research is necessary to fully explain howmaternal nutitionimpacts econonical traitsin the
beef indudry.
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