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Abstract

Changes in placental development have been associated with foetal abnormalities after in vitro embryo manipulations.

This study was designed to investigate bovine conceptus development and substrate levels in plasma and fluids in in vivo- and
in vitro-produced (IVP) concepti and neonates. In vivo-produced and IVP embryos were derived by established embryo
production procedures. Pregnant animals from both groups were slaughtered on days 90 or 180 of gestation, or allowed to go
to term. Conceptus and neonatal physical traits were recorded; foetal, maternal and neonatal blood, and foetal fluids were
collected for the determination of blood and fluid chemistry, and glucose, fructose and lactate concentrations. Placental
transcripts for specific glucose transporters were determined by quantitative RT-PCR. No significant differences in uterine and
conceptus traits were observed between groups on day 90. On day 180, larger uterine, placental and foetal weights, and

an increase in placental gross surface area (SA) in IVP pregnancies were associated with increased glucose and fructose
accumulation in foetal plasma and associated fluids, with no differences in the expression of components of the glucose
transporter system. Therefore, the enlarged placental SA in IVP pregnancies suggests an increase in substrate uptake and
transport capacity. Newborn IVP calves displayed higher birth weights and plasma fructose concentrations soon after birth,
findings which appeared to be associated with clinical and metabolic distress. Our results indicated larger concepti and
increased placental fructogenic capacity in mid- to late IVP pregnancies, features which appeared to be associated with an

enhanced substrate supply, potentially glucose, to the conceptus.
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Introduction

Birth weight is an important determinant of perinatal out-
come, and oversized calves are a major cause of neonatal
mortality in cattle (Ferrell 1989). With development of
in vitro embryo production systems, such as in vitro fertili-
zation (IVF) and nuclear transfer (NT) procedures, pre- and
postnatal abnormalities have appeared, such as excessive
birth weights with reduced neonatal survival in calves
(Willadsen et al. 1991, Behboodi et al. 1995, Farin & Farin
1995, Walker et al. 1996, Farin et al. 2001, Bertolini &
Anderson 2002). Abnormal placental development and
function have also been associated with in vitro embryo
manipulations, with alterations causing increases in preg-
nancy failure and abnormal prenatal growth (Hasler et al.
1995, Stice et al. 1996, Hill et al. 2000, 2001, Bertolini
et al. 2002b, Hashizume et al. 2002). The placenta is vir-
tually the sole interface responsible for the exchanges
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between the foetal and maternal systems; all substrates
required for foetoplacental growth and development orig-
inate from the maternal system, and the amounts of sub-
strates that reach the foetus are transported, metabolized or
modified by the placenta. Disturbances in placentation and
placental function may lead to changes in the pattern of
foetal growth (Schlafer et al. 2000), corroborating findings
that abnormal placentation is associated with foetal
abnormalities after in vitro embryo manipulations (Hill
et al. 2000, Bertolini et al. 2002b, Hashizume et al. 2002).

Most metabolites supplied to the placenta are metab-
olized or modified by placental tissue, with glucose being
the major substrate required for conceptus metabolic
demands during pregnancy in cattle (Ferrell 1989, Ferrell
& Reynolds 1992). At the placental level, the glucose
transporters Glut-1 and -3 are responsible for the trans-
membranal transport of glucose down its concentration
gradient. It has been hypothesized that, during the course
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of pregnancy, Glut-1 is important for glucose uptake for
placental utilization, whereas Glut-3 may be linked to
foetal glucose transfer (Ehrhardt & Bell 1997). Fructose,
the predominant reducing sugar present in foetal plasma
and foetal fluids in cattle (Goodwin 1956, Hugget &
Nixon 1961, Nixon 1963), is transported in mammalian
cells by Glut-5 and supposedly by other novel members of
the glucose transporter family (Girniene et al. 2003).
The placental fructogenic activity appears to be dependent
on glucose supply to the uteroplacental tissue (Aldoretta &
Hay 1999), but evidence demonstrating the importance of
fructose transporters at the bovine placenta is lacking.

Essential differences exist between the metabolism of
glucose and fructose. Regulatory key metabolic enzymes
and hormonal actions such as insulin strictly control
glucose homeostasis and metabolism, whereas fructose
metabolism, which is not under hormonal control, is more
unpredictable (Froesch 1976). Fructose bypasses the regu-
latory step catalysed by phosphofructokinase in the liver,
undergoing a more rapid breakdown than glucose, and
increasing the provision of substrates in all downstream
metabolic pathways (Mayes 1993). Consequently, exces-
sive plasma fructose concentrations may profoundly affect
carbohydrate and lipid metabolism, even causing lactic
acidosis under certain conditions (Mayes 1993, Van den
Berghe 1994). Neonates may experience a transient period
of metabolic acidosis soon after birth due to hypoxia
caused by respiratory distress (Seri 1998). However, it is
possible that the presence of pregnancy-derived higher
fructose levels in the plasma of newborn calves may be
metabolically and clinically beneficial for postnatal adap-
tation to life ex utero, but deviations from physiological
normality (as in systemic hypoxia caused by neonatal
respiratory distress) may cause profound metabolic conse-
quences, such as lactic acidosis, that might compromise
postnatal survival.

A placental-cause and foetal-effect hypothesis has been
suggested (Bell et al. 1999) in which the degree of con-
straint or compliance in the nutrient supply to foetuses in
late gestation may be associated with the pattern of placen-
tal growth occurring during early and mid-pregnancy (Bell
et al. 1999, Symonds et al. 2001). The concept of maternal
and placental constraint involves a physiological homeo-
static mechanism that ensures maternal survival (Ferrell
1991a,b, Gluckman et al. 1992), and is related to the con-
trol of nutrient supply to foetuses in late gestation
(Gluckman et al. 1992). We observed previously that high
birth weights following in vitro embryo manipulations are
associated with early conceptus growth restriction and
aberrant placentation (Bertolini & Anderson 2002, Bertolini
et al. 2002b). Accelerated prenatal growth appears to be
due to an increase in maternofoetal substrate net flow rates
in late in vitro-produced (IVP) pregnancies in the last tri-
mester of pregnancy. This study was designed to investigate
the relationship between deviations in foetal growth and
neonatal well-being, and substrate supply and availability
to the conceptus during pregnancy after in vitro embryo
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manipulation. To address such associations, we utilized an
in vitro production system known to induce at a relatively
high frequency the manifestation of symptoms of the large
calf syndrome during the course of pregnancy, as described
in our previous reports (Behboodi et al. 1995, Bertolini &
Anderson 2002, Bertolini et al. 2002b).

Materials and Methods

Pregnancies for IVP and in vivo control embryos were
either slaughtered on days 90 or 180 of gestation (experi-
ment 1) or allowed to proceed to term (experiment 2).
Foetal growth and placental morphology and function in
IVP versus control concepti and newborn calves were
compared.

Bovine embryo production and transfer, pregnancy
and foetal gender diagnoses

In vitro embryo production

In experiment 1, cumulus-oocyte complexes (COC) from
Bos taurus slaughterhouse ovaries (Angus—Hereford-cross
females) were obtained from a commercial source (Biomed
Inc., Madison, WI, USA; www.bomed.com/bomed3.html).
In experiment 2, B. taurus ovaries were collected from
Angus—Hereford-cross females in a regional slaughter-
house, isothermically transported to the laboratory and
processed as described by Bertolini et al. (2002a,b). In
vitro maturation (IVM), in vitro sperm capacitation and IVF
were performed according to our established procedures
(Bertolini et al. 2002a,b). Upon completion of IVM (20-
24h), COC and sperm cells were co-incubated in IVF-
TALP medium for 18—20 h. Groups of 50 cumulus-free pre-
sumptive zygotes were co-cultured in organ culture dishes,
along with bovine oviductal epithelial cells (BOEC), for 7
days to the blastocyst stage, as described previously (Berto-
lini et al. 2002a,b). During in vitro culture, culture medium
was partially replaced on days 1 and 5 after fertilization
(IVF = day 0) by the removal, and subsequent replace-
ment, of approximately 50% of its volume. All incubations
were conducted at 39°C, 5% CO,, in humidified air, and
all gamete and embryo manipulations took place in a tem-
perature-controlled room (30-32°C). Chemicals used in
the experiments were from Sigma Chemical Co. (St Louis,
MO, USA), unless stated otherwise.

In vivo embryo production

Control embryos were obtained after superovulation and
artificial insemination (Al) of donor females (Angus or
Angus—Hereford crosses) for both experimental groups, as
described elsewhere (Bertolini et al. 2002a,b). Oestrous
cycles of donors and recipients were synchronized, and
a total of 36-44 U of FSH-p (Oocyte Media Supplement,
Sioux Biochemical, Sioux Center, IA, USA) was given
i.m. to the donors, in decreasing doses, twice a day, for
4 consecutive days, starting on day 9 or 10 of the oestrous
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cycle. A dose of prostaglandin (PG)F,, was injected i.m.
into the donors along with the sixth and seventh injections
of FSH-p. Oestrus detection was performed every 4-6h,
and Al was performed at 10-12 and 22-24h after the
onset of oestrus. On day 7 of development (Al = day 0),
embryos were nonsurgically recovered by uterine flushing.

The same Angus sire was used for the production of
both control and IVP embryos for experiment 1 (expected
progeny difference (EPD) for birth weight of —0.86kg,
0.99 accuracy), and experiment 2 (EPD for birth weight of
+1.00kg, 0.99 accuracy). All animals were from a similar
genetic background (Angus or Angus—Hereford crosses)
and origin, and animals in each experiment were main-
tained under the same environmental, nutritional and gen-
eral management conditions for the entire period of the
experiments. Animal use and procedures conformed to
the Guidelines for Care and Use of Laboratory Animals,
National Research Council, and were approved by the
Animal Care and Use Committee of the University of
California, Davis.

Embryo transfer and pregnancy and gender diagnoses

Day-7 control and IVP blastocysts and expanded blasto-
cysts were nonsurgically transferred (ET) to recipients syn-
chronously (=12h) to the donors. In experiment 1,
pregnancy and foetal gender diagnoses were carried out
by means of ultrasonography, per rectum, on days 27 and
60 of gestation respectively, or, as described by Bertolini
et al. (2002b), for experiment 2, by real-time, B-mode
veterinary portable ultrasound scanner (Aloka SSD-500V;
Aloka Co. Ltd, Wallingford, CT, USA) equipped with a
5 MHz linear-array transducer.

Experiment 1: conceptus development on days 90 and
180 of gestation

After a fasting period of 12 h, pregnant females (n= 18)
from each experimental group (n=4 in control and
n=>5 IVP pregnancies for each day) were slaughtered on
days 90 and 180 of gestation for the collection of the
pregnant uteri and their respective foetuses and placen-
tas. Maternal blood samples were obtained at the time
of exsanguination; reproductive tracts were excised,
weighed and dissected along the greater curvature. Total
allantoic and amniotic fluid volumes were measured and
sampled. The umbilical cord was clamped and excised,
and the foetus was removed and weighed. Foetal blood
was collected by cardiopuncture while the foetal heart
was, in most foetuses, still beating. Maternal and foetal
blood, and amniotic and allantoic fluids were centrifuged
and stored at —80°C pending analyses. Substrate (glu-
cose, fructose and lactate) concentrations were deter-
mined in plasma and fluids. Foetal fluid physicochemistry
were also measured, as described below. Foetal physical
measurements (body weight, crown-rump and crown-
nose lengths, limb lengths, humeral and femoral lengths,
and heart girth circumference), and tissue (skeletal
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muscles: supraspinatus, longisimus dorsi, semitendinosus
and biceps femoris), organ (heart, lungs, brain, kidneys,
liver, spleen, thymus, gastrointestinal tract and gonads)
and endocrine gland (thyroid, pituitary and adrenals)
weights were recorded. Individual placentomes were
excised from the uterus, weighed and physically
measured (length and width) for the estimation of the
total gross surface area (SA). Foetal membranes and uter-
ine tissues were inspected and morphological abnormal-
ities recorded. Sample placentomes from the region
surrounding the foetuses were excised in their longitudi-
nal axis, and pieces containing both maternal and foetal
boundaries were snap-frozen in liquid nitrogen, stored at
—80°C and used for the measurement of the relative
transcription of component genes of the glucose transpor-
ter system (Glut-1, -3 and -5).

Experiment 2: clinical and physiological
characteristics of neonates

The morphometric and morphological data regarding foe-
tal and placental developments during pregnancy and
after delivery for the group of recipients allowed to carry
pregnancies to term have been previously described in
detail (Bertolini et al. 2002b). Periparturient females were
allocated to individual pens and observed every 3—-4h for
signs of labour. Upon delivery, neonates were clinically
assisted when necessary (mostly oxygen therapy). Birth
weight before colostrum intake and physical traits were
recorded, and foetal membranes (FM) were weighed, dis-
sected, morphologically inspected and measured upon
expulsion, as previously reported (Bertolini et al. 2002b).
After calving, neonatal venous blood samples were col-
lected by jugular venipuncture within the first T0min, a
procedure which should reflect intrauterine conditions for
several blood measurements, and at 1, 6, 12 and 24h
after birth. For each collection time, one set of blood
samples was drawn in heparinized syringes and snap-
cooled to 0°C upon collection, to be sent immediately for
blood chemical analyses, and another set was taken
in heparinized tubes. Upon collection, blood samples in
tubes were immediately centrifuged, and plasma was
frozen at —80°C pending analyses. Basic clinical signs
(rectal temperature, respiratory rate and heart rate), blood
physicochemistry and plasma substrates were observed
and/or measured for each newborn at all five postnatal
times, as described below. Only data representing preg-
nancies that delivered singleton calves from both experi-
mental groups are presented.

D-Glucose, p-fructose and 1-lactate measurements in
plasma and foetal fluids

Concentrations of glucose, fructose and lactate were
determined in duplicate in the maternal, foetal and
neonatal plasma, and in foetal fluids by colorimetric
assays. Glucose concentrations were determined with a
glucose (Trinder) assay kit (Sigma Diagnostics, St Louis,
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MO, USA), according to the manufacturer’s recommen-
dations. The colorimetric fructose analysis of Taylor (1995)
was employed for the quantification of D-fructose in the
samples (maternal, foetal and neonatal plasma, and
amniotic and allantoic fluids), with minor modifications.
Due to elevated fructose concentrations in the foetal
plasma and amniotic and allantoic fluids, samples were
diluted in distilled deionized water, prior to the analysis,
by a factor of 1:4 (foetal plasma and amniotic fluid) and
1:10 (allantoic fluid). Lactate concentrations were deter-
mined with a lactate assay kit (Sigma Diagnostics), accord-
ing to the manufacturer’s recommendations. Absorbance
(A) was measured in a preset spectrophotometer (UV-160
A recording spectrophotometer; Shimadzu Co., Analytical
Instruments Division, Kyoto, Japan). Intra- and interassay
variations were 3.7-6.9%, 4.1-10.5% and 0.1-4.9% for
the glucose, fructose and lactate assays respectively.

Blood and fluid physicochemistry
Amniotic and allantoic fluid chemistry

Electrolyte concentrations (Na*, K™ and CI7), creatinine
concentrations, total fluid protein and osmolarity (experi-
ment 1) were analysed in the amniotic and allantoic fluids
by the indirect ion selective electrode (ISE) method (elec-
trolytes) and the modified Jaffe method (creatinine), both on
a Hitachi 717 analyser (Roche Diagnostics, Indianapolis,
IN, USA), by the microprotein method using the pyrogallol
red reagent (Sigma), and by an osmometer (Osmette A
Automatic Osmometer; Precision Systems, Inc., Natick,
MA, USA) respectively.

Neonatal blood chemistry

Whole blood samples collected in heparinized syringes
(experiment 2) were analysed for blood gases (pCO, and
pO,), acid—base status (pH and HCO3) and electrolyte con-
centrations (Na™, K*, CI™ and Ca%™") in an automatic blood
gas/electrolyte analyser (Radiometer ABL505; Radiometer

America, Westlake, OH, USA). Packed cell volume (PCV)
and total plasma protein (TPP) were determined after blood
capillary centrifugation and refractometry respectively.

Relative transcriptional activity of glucose transporter
genes in day-90 and day-180 placentomes

A real-time TagMan PCR was utilized to quantify tran-
scripts for Glut-1, -3 and -5 genes, by procedures
described by Bertolini et al. (2002b). Quantitative analyses
of bovine cDNA from control and IVP day-90 and day-180
placentomes were performed in comparison to the
endogenous control (glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH)), and were amplified in an automated
laser-based fluorometer (7700 ABI PRISM Sequence Detec-
tion System, Applied Biosystems). Final quantification was
accomplished by the comparative Cy method (Leutenegger
et al. 2000). All samples were included in each TagMan
assay; one assay was run per transcript, in single reactions.
Ten parallel reactions were run with the same cDNA and
in 10 independent assays to determine the intra-assay
and interassay variations respectively. Sequences of PCR
primers, TagMan probes and GenBank accession code
numbers for the transcripts are shown in Table 1.

Statistical analyses

Data analyses were conducted with Proc GLM of SAS
(SAS Institute, Cary, NC, USA). Data obtained in experi-
ment 1 were compared by ANOVA, considering group (in
vivo, in vitro), day (90 and 180) and gender (male and
female) as main effects. Data were also compared by
ANCOVA, using foetal weight as the covariate. Qualitative
data and distribution of placentome size were analysed by
the Kruskal-Wallis test (Minitab, State College, PA, USA).
Data in experiment 2 were analysed by the repeated
measures procedures of SAS (group and time as main
effects with animal nested within group). Pairwise com-
parisons were performed by least square means (LSM).
Pearson’s correlation test was used for the analysis of

Table 1 Sequence of PCR primers, TagMan probes and GenBank accession code numbers for the transcripts analysed in B. taurus control and

IVP day-90 and day-180 placentomes.

Transcripts Primer sequences (5'-3')*" Length Probe sequences (5'-3)° Accession no.
Gvon  pSSCOwcococuaTA,  meccougcs
Gl R AGGOAGECOCOAGETAT 106 GCOCARCTCART L9214
ams  fScoCTGGTOGM no CTSCCCTCTGGRTTIET

4 Primer orientations: F—forward; R—reverse.

b Exon—exon junctions are underlined in the probes for GAPDH, Glut-1 and Glut-3, and in the forward primer for Glut-5.
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relationships between traits in both experiments, also
using values corrected for the covariate, as well as the
other fixed effects of group, time and animal.

Results
Pregnancy rate, losses and foetal gender diagnosis

Considering both experiments combined, no differences
were observed between groups in both pregnancy rates
(20/53 and 36/112 for the control and IVP groups
respectively) and occurrence of losses after day 45 of
gestation (2/20 and 3/36 for the control and IVP groups
respectively), but losses between days 30 and 44 of ges-
tation were 3.4-fold higher (P < 0.05) in the IVP group
(17/36) than in controls (4/20). In experiment 1, preg-
nancy rates on day 27 were 33% (10/30) and 32%
(27/84), for the control and IVP groups respectively, and
pregnancy losses from day 27 of gestation (pregnancy
diagnosis) to day 60 (foetal gender diagnosis) were 10%
(1/10) and 63% (17/27) respectively. Two control preg-
nancies were lost, one before day 45 and the other on
day 160 of gestation. In the IVP group, 82% (14/17) of
the losses occurred before day 45 of gestation, with the
remainder of the losses taking place between days 45
and 60 of gestation (3/17). The diagnosis of foetal gender
by ultrasonography indicated that the IVP group con-
tained seven females and four males (including a dead
foetus on day 55), and the control group had seven
females (including the aborted female foetus on day 160)
and two males. Pregnant females were allocated to each
harvest day according to foetal gender and foetal viabi-
lity. In the control group (n=8), animals carrying three
females and one male were assigned to each harvest day
(90 and 180), and in the IVP group (n= 10), female re-
cipients sustaining pregnancies with four females and
one male were harvested on day 90, and recipients
carrying three females and two males on day 180 of
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gestation. Foetal gender diagnoses performed on day 60
of pregnancy were all confirmed after harvest. Results
regarding the pregnancy rate, losses and foetal gender
diagnosis in experiment 2 have already been reported
(Bertolini et al. 2002b).

Conceptus growth and development on days 90 and
180 of gestation

Linear measurements of conceptus physical traits for con-
trols and IVP pregnancies on days 90 and 180 of gestation
demonstrated proportionality between foetal body size
and body weight, with no physical deformities observed
in any foetus. Overall, IVP conceptus traits tended to be
heavier and larger than controls, but, as male foetuses
were also heavier and larger, differences between groups
were not as pronounced due to the low occurrence and
inclusion of male concepti in both groups. Consequently,
data analyses were also carried out only for females, by
exclusion of males from each group (Table 2). Uterine,
placental and foetal physical traits on day 90 were similar
between groups, irrespective of the inclusion or exclusion
of males in the analyses.

Except for individual placentome sizes, which were
longer, wider and thinner in the IVP group, no other
significant physical differences in uterine and conceptus
(foetus and placenta) traits were observed on day 90
between IVP and control groups. However, differences in
uterine (genital tract weight) and foetal traits between
groups were more pronounced on day 180 of gestation,
irrespective of the foetal gender (Table 2). Foetal livers,
hearts, kidneys, longisimus dorsi muscles (81.65 + 12.97 g
vs 56.12 = 10.73g) and thyroids (3.91 £0.81g vs
2.58 = 0.24g) were heavier, brains lighter and femurs
longer in day-180 IVP foetuses than in controls respectively
(P < 0.05). The empty reproductive tracts in the IVP group
were significantly heavier (P < 0.05) than in controls at
180 days (2.94 + 0.21 vs 2.14 = 0.17 kg respectively), but

Table 2 Weight, and linear and volume measurements of pregnant uterus and some conceptus traits for in vivo- and in vitro-produced B. taurus
pregnancies carrying females on days 90 and 180 of gestation (LSM=*5s.E.M.).

Day 90 Day 180

Conceptus traits

Females In vivo In vitro In vivo In vitro Pgroup Pyay Pgroup by day
Foetal wt, g 146.0° = 12.9 173.0° 7.7 6462.4° + 171.9 7163.1¢ £ 398.7 0.099 0.001 0.124
Foetal femur, mm 233"+ 14 24.6* £ 0.3 1003 + 1.5 108.0° = 1.2 0.003 0.001 0.016
Foetal liver wt, g 4.6+ 0.6 6.6° £ 0.2 186.8° = 7.0 227.0° = 20.2 0.059 0.001 0.081
Foetal heart wt, g 1.4 +0.2 1.5 0.1 485"+ 19 58.5°* 5.0 0.068 0.001 0.073
Foetal lung wt, g 4.4 +0.2 6.9 = 0.2 153.2° + 2.7 175.5° = 11.1 0.042 0.001 0.092
Foetal brain wt, g 4.6°*+0.4 5.1*+0.2 83.0° 4.8 74.6°%= 0.7 0.112 0.001 0.072
Foetal kidney wt, g 1.8+ 0.3 1.6° £ 0.2 67.1° + 6.6 102.4°+11.3 0.017 0.001 0.016
Genital tract wt, kg 2.55% £ 0.32 2.12% £ 0.15 15.48" + 0.93 20.23° *+ 1.44 0.037 0.001 0.017
Allantoic fluid vol., | 0.7257 £ 0.176 0.4297 £ 0.126 1.303% = 0.671 3.938" + 0.705 0.065 0.005 0.027
Amniotic fluid vol.”, | 0.462% £ 0.147 0.532% £ 0.028 2.485° *+ 0.692 1.372" + 0.224 0.158 0.002 0.115
Placentome wt, g 123.7% = 37.4 85.0" +20.3 2213.0° + 28.0 2898.9° + 260.4 0.026 0.001 0.015
Placentome SA*, cm? 201.1% = 46.6 291.9° £ 28.7 2459.6" + 128.8 3236.1° + 539.7 0.123 0.001 0.211

abeNumbers in the same row without common superscripts differ; P < 0.05.
*SA: Surface area, P= 0.0636 for day-180 female concepti.

TP =0.0512 for day-180 female concepti.
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not at 90 days of gestation (0.93 + 0.08 vs 1.07 = 0.13 kg
respectively). Placentomes continued to be longer, wider
and thinner in day-180 IVP pregnancies (P < 0.05), but the
number of placentomes was not different between groups
and stage of gestation (95.9 = 11.3 vs 105.5 * 10.4
placentomes for control and IVP placentas on day 90,
and 106.7 £ 11.3 vs 102.8 = 11.3 for control and IVP
placentas on day 180 respectively), and did not correlate
with any other physical trait, irrespective of foetal gender.
Uterine (reproductive tract weights, allantoic fluid volume
and total fluid volume), placental (placental SA and weight)
and foetal (body size and weight, and visceral and muscu-
lar weights) physical traits were correlated with one
another (0.760 < r< 0.999, P < 0.05). When foetal
weight was used as a covariate, differences between days
disappeared for many traits (humerus, femur, liver, heart,
spleen, supraspinatus and semitendinosus muscles), but
not for most of the others. When the females were analysed
independently, however, differences between groups
(P < 0.05) were greater for most uterine, placental and
fluid volumes, and foetal traits on day 180 of gestation
(Table 2). Moreover, allantoic and amniotic fluid volumes
in day-180 IVP concepti were greater (P < 0.05) and lesser
(P=0.512) than controls respectively (Table 2).

Concentrations of D-glucose, D-fructose and L-lactate
in the biological fluids

Days 90 and 180 of gestation (experiment 1)

On day 90 of gestation, no significant differences were
observed for glucose and fructose concentrations in the
foetal plasma, and amniotic and allantoic fluids, except for
day-90 IVP concepti, which had lower foetal plasma glu-
cose concentrations than controls (1.66 = 0.22 vs
2.36 * 0.24 mM respectively; P < 0.05). On day 180, fol-
lowing a similar pattern seen for physical traits, higher con-
centrations of fructose were observed in the foetal plasma
of IVP concepti than with controls (8.69 = 0.91 vs
6.48 * 1.04 mM respectively; P < 0.05). Concentrations of
fructose in the maternal plasma in both groups on days 90
and 180 were negligible and not different from zero in all
females (=0.10mM). From early to late pregnancy (days
90 to 180), regardless of experimental group, significant
decreases in the concentrations of glucose were observed
in the foetal plasma and associated fluids (P < 0.05),
whereas concentrations of fructose in the amniotic fluid,
and total glucose and fructose accumulated in each fluid,
and in both combined, increased during the same period
(P < 0.05). Maternal plasma lactate concentrations were
lower in the IVP group on day 90 (5.30 £0.73 vs
8.20 £ 0.8TmM for IVP and controls respectively;
P < 0.05), but not on day 180 of gestation. No differences
in foetal lactate concentrations were seen between groups.
However, lactate concentrations were higher in foetal
plasma (9.77 £ 0.72 vs 6.74 = 0.82mM; P < 0.05) and
lower in allantoic fluid (0.64 = 0.19 vs 2.76 = 0.20 mM;
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P < 0.05) on day 180 than on day 90 respectively, irrespec-
tive of the experimental group.

The analysis of glucose, fructose and lactate in the
plasma (maternal or foetal) and foetal fluids (amniotic or
allantoic) was also carried out separately for female foe-
tuses. On day 90 of pregnancy, maternal and foetal glucose
levels (Fig. 1a), and maternal and allantoic lactate concen-
trations (Fig. 1¢) in IVP female concepti were significantly
lower than controls (P < 0.05). On day 180, fructose con-
centrations in IVP female concepti were higher (P < 0.05)
in foetal plasma and amniotic and allantoic fluids (Fig. 1b).
Lactate concentrations in the amniotic fluid (Fig. 1¢), and
the total accumulated amounts of glucose and fructose in
the allantoic fluid and in total foetal fluids were also signifi-
cantly higher (P < 0.05) in day-180 IVP female concepti
than controls (Fig. Tc and d). From days 90 to 180 of preg-
nancy, total fructose increased by 10-fold in the amniotic
fluid (P < 0.05) and in both fluids combined (P < 0.05),
irrespective of the groups (Fig. 1d). Group differences were
also apparent, as total glucose and fructose were greater in
the allantoic fluid of day-180 than day-90 pregnancies only
in the IVP group (P < 0.05). Amounts of glucose observed
in combined foetal fluids (total fluids) also demonstrated a
threefold significant temporal increase only in the IVP
group (P < 0.05). No temporal differences were observed
in the concentrations of fructose in the foetal plasma for
the control group, but these values were higher (P < 0.05)
in day-180 than day-90 IVP concepti. Glucose concen-
trations in the foetal plasma (control group) and foetal
fluids (both groups) declined (P < 0.05) from days 90 to
180 of gestation (Fig. 1a), whereas fructose concentrations
(Fig. 1b), for the same time period, increased in the foetal
fluid and amniotic fluid in the IVP group (P < 0.05), and
were negatively correlated with glucose concentrations in
the fluids (-0.669 < r< —0.810; P < 0.05). Maternal
plasma glucose concentrations were positively correlated
with glucose concentrations in foetal plasma, and total glu-
cose and fructose in the allantoic fluid and total foetal
fluids (0.624 < r< 0.878; P < 0.05). Foetal plasma and
amniotic and allantoic fluid glucose concentrations posi-
tively correlated with one another (0.700 < r < 0.915;
P < 0.05) but negatively correlated with most conceptus
component weights (—0.638 < r< —0.908; P < 0.05).
By contrast, concentrations of fructose in the amniotic
fluid, and total sugars (glucose and fructose) in each
foetal fluid and in total foetal fluids, were positively
correlated  with  conceptus  component  weights
(0.610 < r<0.929; P<0.05).

Neonatal plasma substrate concentrations (experiment 2)

In vitro-derived calves displayed significantly higher con-
centrations of plasma fructose than controls at 10 and
60 min after birth (P < 0.05); these subsequently became
similar, whereas no differences in plasma glucose and lac-
tate concentrations were detected between groups in the
first 24 h (Fig. 2). Significant differences were observed
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Figure 2 D-Glucose, D-fructose and L-lactate concentrations (mM) in the plasma of in vivo- and in vitro-derived B. taurus newborn calves at

10min, and 1, 6, 12 and 24 h after birth (LSM*s.E.m.). *P < 0.05.

between time points, from 10 min to 24 h (P < 0.05), for all
three substrates in both experimental groups. In general,
plasma glucose concentrations slightly fell within the first
hour after birth, to increase steadily and gradually to
values above 5mM at 24 h after delivery in both groups.
Conversely, concentrations of fructose in the neonatal
plasma were initially high (4.2 and 5.8 mM for in vivo- and
in vitro-derived calves respectively) but decreased within
the first 6—12 h after birth, reaching steady but low values
afterwards (<0.5mM for both groups). Lactate concen-
trations were significantly (P < 0.05) higher at 10min
(>7mM) and lower at 24 h (<3 mM) compared with the
intermediate values (4.5-5.4 mM) observed at the other
time points (1, 6 and 12h). The combined total amount
of glucose and fructose was significantly higher in IVP
calves at 10 min, becoming similar afterwards (P < 0.05).
A negative correlation was observed between glucose
and fructose concentrations as a function of time
(r=—0.710, P < 0.05).

Blood and fluid chemistry during and after pregnancy
Days 90 and 180 of gestation (experiment 1)

No differences were observed between groups regarding
the concentrations of Na*, K™ and CI~, total protein and

Reproduction (2004) 128 341-354

creatinine for each gestation period (days 90 or 180), and
foetal fluid (Fig. 3a-e), irrespective of foetal gender.
Osmolarity was significantly higher (P < 0.05) in the
amniotic fluid of day-180 IVP concepti (Fig. 3f). Plasma
fructose concentration positively correlated with plasma
osmolarity in the foetus (r=0.821, P < 0.05), and foetal
plasma glucose concentrations and total glucose and fruc-
tose in the foetal fluids were positively correlated with the
osmolarity in each fluid type (r > 0.628, P < 0.05).

Newborn calves (experiment 2)

No differences were seen in heart rate, HCO3 and Ca’™"
(data not shown) concentrations, PCV and TPP between
groups at any given time point (Fig. 4). Some values for
blood pCO,, pO, and Na* were elevated in IVP calves at
6h (Na™; P<0.05), 12h (Na™; P<0.05) and 24h (Na™
and pO,; P < 0.05), or reduced at 12 h (pCO,; P < 0.05)
after birth (Fig. 4). Animals within each group were highly
variable for rectal temperature, respiratory rate and pCO,,
and appeared to show attenuated differences between
groups for those observed variables. Significant differences
were observed between time points (P < 0.05) for rectal
temperature, respiratory rate and blood pH. Blood pH and
respiratory rate were positively correlated with one
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another (r=0.931, P<0.05) and with plasma glucose
concentrations (r=0.738, P < 0.05), and negatively cor-
related with blood pCO, (r> —0.946, P< 0.05) and
plasma fructose and lactate concentrations (r> —0.865,
P<0.05), which in turn were mutually correlated
(r=0.965, P<0.05).

Relative transcription in placental tissue

No differences were detected in the relative transcription
of the glucose transporters Glut-1, -3 and -5 in
placentomes (data not shown) between groups (IVP and
control) and gestation period (days 90 and 180). Levels of
expression were similar between Glut-1 and -3 genes,
irrespective of group or gestation period. However,
levels of expression of Glut-5 were 10-100-fold higher
than the other two genes, with higher variation
among samples. Nevertheless, relative transcription of
Glut-5 was correlated with allantoic and total foetal
fluid volumes, and with total glucose and fructose accu-
mulated in the allantoic fluid and total foetal fluids
(r>0.600, P<0.05).
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Discussion

The IVP system utilized in this study has been implicated
in the appearance of symptoms characteristic of the large
calf syndrome (Behboodi et al. 1995, Bertolini & Ander-
son 2002, Bertolini et al. 2002b). As in this study, we have
observed that in vivo and IVP concepti and neonates
display distinct morphological, functional and mole-
cular features at several different time points during
pregnancy. Abnormalities in IVP concepti were found to
be associated with consistent placental abnormalities
manifested since early stages of gestation (Bertolini et al.
2001, 2002a,b, 2003, 2004, Bertolini & Anderson 2002).
Giant placentomes and cotyledons were consistently pre-
sent in IVP pregnancies and at term (Bertolini et al.
2002b). In this study, no major significant distinctions
were observed between IVP and controls on day 90 of
gestation, except for placentome measurements, which
were larger in IVP pregnancies. On day 180 of gestation,
IVP pregnancies displayed larger uteri and concepti, and
at term, calves were delivered heavier than controls, with
consistent foetal membrane (FM) abnormalities (Bertolini
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Figure 4 Clinical and physiological characteristics of in vivo- and in vitro-derived B. taurus newborn calves at T0min, and 1, 6, 12 and 24 h
after birth (LSM=*s.e.m.). (a) Rectal temperature (°C); (b) heart rate, in beats/min; (c) respiratory rate, in breath/min; (d) packed cell volume (PCV)
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& Anderson 2002, Bertolini et al. 2002b), such as changes
in placentome size. A reduction in the number of placen-
tomes and the appearance of large placentomes and coty-
ledons larger than 15 cm in diameter in the FM appear to
be a compensatory mechanism for inadequate foetomater-
nal attachment (Roberts 1986, Cibelli et al. 1998, Hill
et al. 1999, 2000, Bertolini et al. 2002b), in a manner
similar to that reported for sheep after surgical removal
of caruncles (Alexander 1964). This corroborates our
observation that placentomes immediately surrounding
the foetus, in the mid-region of the foetal horn, were
initially smaller than controls but became longer and thin-
ner from mid- to late first trimester of IVP pregnancies
(Bertolini et al. 2002b). Placentome size distribution dif-
fered between groups on days 90 and 180 of gestation,
with the presence of enlarged placentomes and cotyle-
dons on the FM of IVP concepti being associated with a
larger gross SA in the foetal horn on day 180 and at term.

Reproduction (2004) 128 341-354

The high pregnancy losses in this study, precisely during
the time of placental formation, suggest that embryonic
death may be a consequence of faulty placentation, poss-
ibly due to a delay in chorioallantoic development, as
proposed for bovine clone pregnancies by Hill et al.
(2000) and Hashizume et al. (2002). As a consequence,
an insufficient inflow and outflow of nutrients and metab-
olites may fail to support the high metabolic demand
imposed by organogenesis and membrane development.
Our findings indicate that in vitro-derived pregnancies
not only sustain larger concepti toward the end of the
second trimester of pregnancy, but also demonstrate a
two- to fourfold increase in the accumulation of fructose
by the conceptus into the foetal circulation and associated
fluids in mid- to late pregnancy, and such differences
could still be detected in the neonatal plasma soon after
birth. A higher glucose uptake by IVP placentas, perhaps
due to differences in placental mass and SA seen in
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day-180 IVP concepti and term FM (Bertolini et al.
2002b), could both promote an increase in synthesis and
disposition of fructose into the foetal plasma and fluids,
and boost foetal growth in IVP pregnancies. Fructose is
the primary reducing sugar in foetal plasma and fluids,
and such high concentrations appear to be a peculiarity of
Ungulata and Cetacea (Goodwin 1956, Nixon 1963).
These species bear similar placental types (synepithelio-
or epitheliochorial placentas) and maintain relatively low
maternal glucose concentrations, which may require pla-
cental fructogenic capacity to supply the concepti with
adequate amounts of reducing sugars during pregnancy
(Goodwin 1956, Hugget & Nixon 1961). An increase in
glucose supply and consumption by the placenta linearly
redirects the use of this substrate to non-oxidative path-
ways, such as fructose synthesis (Meznarich et al. 1987,
Hay 1995). Placental fructose production may be a by-
product of the foetal need on occasion to supply glucose
to the placenta, preventing glucose loss to the mother, as
fructose does not cross the foetomaternal barrier, and lim-
iting foetal glucose uptake when placental needs are high
(Gu et al. 1987). Fructose and lactate, another by-product
of glucose metabolism by the placental tissue, are of sig-
nificance to the total conceptus and placental oxidative
metabolism (McGowan et al. 1995). Aldoretta and Hay
(1999) demonstrated in sheep that the rate at which the
placental tissue synthesizes fructose seems to depend
directly on the placental glucose supply. As placental
mass and SA become significantly larger in IVP concepti,
more placental glucose utilization or transport may occur
in IVP concepti.

An increase in placental glucose consumption plays
an active role in foetal physiological hypoglycaemia
(Simmons et al. 1979, Hay 1995), with the uteroplacental
tissue consuming 60% or more of this substrate for its own
metabolic functions (Bell et al. 1999). This contributes to
the glucose concentration gradient, promoting an increase
in foetoplacental uptake (Simmons et al. 1979, Hay
1995). Some results have demonstrated that foetal glucose
uptake varies between 11% and 17% of total uterine
uptake around day 180 of gestation (Reynolds et al. 1986,
Ferrell 1991b). However, in the present study, concen-
trations of glucose in foetal plasma were similar between
groups and were 20-30% of maternal levels, a finding
consistent with previous reports in cattle (Reynolds et al.
1990), but more glucose was converted into fructose by
the placenta, resulting in accumulation in foetal plasma
and fluids. In addition, our findings suggest that more
glucose was made available to the foetus to support the
accelerated growth pattern in IVP concepti, since
enhanced substrate availability to IVP foetuses would be
required to support greater foetal growth during late preg-
nancy and delivery of larger and heavier IVP calves. No
differences in the relative abundance of transcripts for
important components of the glucose transport system
(Glut-1, -3 and -5) were detected at the placental level
(Bertolini et al. 2003, for Glut-1 and -3). Consequently,
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the increase in total glucose and fructose accumulation,
and decreased glucose concentrations in the foetal plasma
and fluids, were associated with larger uterine, placental
and foetal weights, and an increase in placental SA,
reflecting a likely increase in substrate utilization by fast-
growing IVP concepti.

As most of the nutrients transferred across the placenta
are metabolized and/or produced by the placenta
(Ferrell et al. 1983, Ferrell 1989), deregulations in placen-
tal function and metabolism may cause changes in the
placenta’s constraining effect on foetal growth after in
vitro embryo manipulations. Interestingly, maternal nutri-
ent restriction during early to mid-pregnancy in cattle
(Perry et al. 1999), sheep and humans (reviewed by
Symonds et al. 2001), followed by an increase in or a res-
toration of nutrient levels, appears to cause a similar pat-
tern of changes in placental development and/or foetal
growth, as seen in this study. Under physiological con-
ditions, foetal growth occurs slowly during early preg-
nancy and accelerates exponentially during later stages
(Eley et al. 1978, Prior & Laster 1979, Ferrell 1989,
Reynolds et al. 1990). However, the placenta grows faster
than the foetus in early pregnancy, placental weight being
greater than foetal weight during the first trimester of ges-
tation. Placental growth slows after midgestation, and foe-
tal weight surpasses that of the placenta (Eley et al. 1978,
Prior & Laster 1979, Ferrell 1989, Reynolds et al. 1990).
This initial period of faster growth of the placenta is
thought to be important to allow the foetus to grow expo-
nentially during the second and third trimesters of ges-
tation (Eley et al. 1978, Prior & Laster 1979, Ferrell 1989,
Reynolds et al. 1990). The absolute foetal and placental
growth continues to increase until delivery, but the
decline in the relative foetal growth in the last weeks of
gestation is believed to be a consequence of restraint
imposed on the foetus by the placenta towards the end of
gestation, when foetal demands for nutrients are at their
greatest (Prior & Laster 1979, Reynolds et al. 1990). The
low nutrient intake restricts placental development, which
coincides with the period of fast placental growth. As a
result of restoring dietary values in mid- to late pregnancy,
newborns are usually longer and heavier, and placentas
are larger (Perry et al. 1999, Symonds et al. 2001). We
observed a similar biphasic growth pattern in IVP preg-
nancies characterized by conceptus growth retardation on
day 16 and in early pregnancy, and followed by changes
in the development of placental tissue, culminating in the
delivery of calves that were 33% larger at term than
controls (Bertolini et al. 2002a,b). The mechanisms behind
this phenomenon are still unclear, but are likely to be due
to functional and structural changes in the placental tissue
as a response to accommodate the initial period of growth
restriction.

An increased incidence of hydroallantois has been
described in in vitro-derived pregnancies in cattle (Hasler
et al. 1995, Walker et al. 1996, Cibelli et al. 1998, Van
Wagtedonk-de Leew et al. 1998, 2000), but its causes and
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progression during pregnancy are still unclear. No clinical
or biochemical cases of hydrops of the foetal membranes
were diagnosed in our studies, but fluid volumes differed
on day 180 of gestation, being higher in the amniotic and
allantoic compartments in control and IVP pregnancies
respectively. Under physiological conditions, generally
direct or inverse relationships occur between the compo-
sition of the amniotic or allantoic fluids respectively,
and the extracellular fluid electrolyte compositions
(Skydsgaard 1965, Wintour et al. 1986). Pathological vari-
ations in cases of hydrops of the foetal membranes are
usually associated with dramatic changes in fluid compo-
sition (Wintour et al. 1986). In this study, there were no
distinctions in fluid composition (electrolytes, total protein
and creatinine) between groups that could relate to differ-
ences in fluid volumes, or indicate a pathological con-
dition. However, more sugar moieties were observed in
the amniotic fluid of control animals, or in the allantoic
fluid of IVP pregnancies, which coincided with the differ-
ences in fluid volume on day 180, suggesting an increase
in total glucose transferred across the placenta in IVP
pregnancies. Perhaps, due to the osmotically active nature
of glucose and fructose, an increase or decrease in sugar
moieties in those fluids in IVP pregnancies could have
exerted an osmotic effect on fluid accumulation and total
volume, as can be inferred by the existence of positive
correlations between volume, osmolarity and sugar con-
centrations in the fluids.

In plasma of newborn calves from both groups, there
were close associations of the blood gases and acid—base
balance status, coupled with compensatory mechanisms,
with the plasma profiles of the substrates measured in this
study. Neonatal hypoxia, mainly caused by respiratory dis-
tress, may also lead to lactate acidosis, which causes sub-
sequent changes in the acid—base balance and blood
chemistry homeostasis (Torrance & Wittnich 1994, Sacks
1999). Hyperfructosaemia may contribute to lactate pro-
duction, as the metabolism of fructose bypasses key meta-
bolic regulatory steps, potentially causing disturbances in
the acid—base balance, but fructose can also be rerouted
to the synthesis of glucose and glycogen, as seen during
hypoglycaemic conditions such as starvation (Mayes
1993). Plasma from IVP calves had significantly higher
concentrations of fructose in the first 60 min after birth,
but excessive plasma fructose was quickly cleared, while
glycaemia started to rise and stabilize after 6h postpar-
tum. The negative correlation between fructose and
glucose concentrations in the neonatal plasma suggests
that fructose usage may have participated in the increase
in glycaemia. On the other hand, lactate and fructose
concentrations paralleled one another, and by association
both appeared to have affected the acid—base balance
and respiratory rate, more evidently in IVP calves.
According to blood pH (Fig. 4e) and plasma lactate con-
centrations (Fig. 2), newborn calves in both groups mani-
fested clinical lactate acidosis during the first hour after
birth, since, in humans, lactate concentrations above
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5mM and pH below 7.25 are indicative of severe lactic
acidosis (Sacks 1999). Despite the normalization of blood
pH after the first hour, lactate levels remained above
5mM for several hours in IVP calves, whereas lactate
levels dropped below 5mM within the first hour postpar-
tum in control calves. Since hyperfructosaemia may cause
lactic acidosis (Van den Berghe 1994), it is possible
that, once ventilation normalized and fructose levels
decreased, lactate production diminished, allowing the
acid—base balance to return to normal. It is known that,
in cases of metabolic acidosis (as in lactate accumulation),
respiratory compensation is usually delayed for a few
hours until the cerebrospinal fluid, and cerebral interstitial
and plasma bicarbonate equilibrate (Seri 1998). Following
the initial period of metabolic acidosis, newborn calves
underwent a period of compensatory respiratory alkalosis,
with a slight increase in blood pH and a decrease in
pCO,, due to increased respiratory rate, with no differ-
ences in bicarbonate concentrations. Increases in respirat-
ory rate and pO, were attained faster in the IVP group.
It is possible that the presence of pregnancy-derived high
fructose levels in the plasma of newborn calves may be
metabolically and clinically beneficial for postnatal adap-
tation of life ex utero, under normoxic conditions. How-
ever, deviations from physiological normality (as in
respiratory distress) may cause metabolic consequences
that compromise peri- and postnatal survival.

Values for blood chemistry in animals examined in this
study were somewhat similar to those reported by Jacob-
sen et al. (2000) and Sangild et al. (2000) for IVP calves,
and by Garry et al. (1996) and Chavatte-Palmer et al.
(2002) for clone calves. From this and the results of the
aforementioned studies, deviations in blood chemistry
appeared to be influenced by calving ease and birth
weight. As many IVP and clone calves are born larger, a
trend exists for changes in several clinical and hematologi-
cal characteristics in the neonate. Nevertheless, most
blood parameters appeared to have stabilized by 6 h after
birth, as also described by Jacobsen et al. (2000).

In summary, we have performed a systematic compari-
son of placentas from in vitro- and in vivo-derived bovine
embryos at distinct stages of development to determine
whether developmental and physiological abnormalities
could be detected during the course of pregnancy, and cor-
relations or associations between such prenatal aberrations
and postpartum characteristics of the newborn and FM
could be obtained. Morphological and physiological
evidence obtained in this study supports the concept that
an increase in glucose supply to the placental tissue occurs
in IVP pregnancies, enhancing foetal growth toward the
end of gestation. The higher concentrations of fructose
in day-180 IVP concepti also indicate that more glucose
was converted to fructose by the placental tissue. Such
differences in placental transfer capacity may be caused by
a loss of placental constraint on foetal growth induced by
early conceptus growth retardation, but its real nature still
needs to be investigated. Further studies are required to
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determine the mechanisms, kinetics and fate of the placen-
tal substrate transport and differential fructose synthesis,
and to evaluate the effect of pregnancy-derived higher fruc-
tose levels in the plasma of newborn calves on peri- and
postnatal survival and adaptation to life ex utero. Cause-
and-effect relationships between substrate supply to the
bovine foetus and accelerated prenatal growth after in vitro
embryo manipulation also need to be clarified.
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