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Chapter I

Introduction

In recent years, increased emphasis has been‘placed upon the effects of
maternal nutrition on thé outcoﬁe of gestation, particularly’the effect of
maternal protein intake on fetal growth and developﬁent. Growth and development
of the fetus depends‘on a steady supply of nutrients from the mother, and thus
protein deprivation during pregnancy might be harmful to the developing
organism. Experimental data from both human (Burke, et al.,-1943a; Lechtig, et
al., 1975) and animal studies (Kohrs, et al., 1976; Pond, et al., 1968; Zeman
and Stanbrough, 1969) indicate that there is a positive relationship between
maternal protein malnutrition during pregnancy and subsequent adverse effects on
fetal growth and development.

It is still unclear, however, whether adequate growth and development of
fetus could occur at the expense of the maternal organism during protein
malnutrition. Therefore, attention has to be focused on maternal tissue changes
and their relationship to fetal growth during protein malnutrition, then it is
possible to assess the role of'maternal tissues as a proper barrier for
protecting the fetus against nutritional deficiency. At the same time, it is
important to investigate whether maternal nutritional status is related to
placental growth and whether the plcental growth pattern reflects the_fetal
condition. The Human fetus is obviously not available for investigation, but
the placenta is an available human reproductive tissue. 1If the pattern of
changes in placental growth is correlated with that of fetal tissues in animals,
similar changes in human placenta would give a clue on how environmental
stresses imposed on the female during pregnancy influence the human fetus.

It has béen shown that normal placental growth in rats proceeds in the

same way as in fetal organs of the rat (Winick and Noble, 1966b). The same



general pattern of cellular growth has been reported for human placenta (Winick,
éE.El'S 1967), although thé timing is somewhat different. These qbservations
offer an important basis for resolving questions regarding the relationship
between maternal nutrition and fetal growth in human.

Exposure to ultrasonic energy may represent a stress to the developing
fetus (0'Brien, et al., 1972), with its rapid commercial development and
increasing utilization in the clinical practice of medicine, espeéially in
obstetrics. In obstetric examination, ultrasound provides a Vvisual method of
evaluating normal and abnormal fetuses, placental problems, and uterine
disorders (Gottesfeld, 1978) so that the fetus and the mother may receive proper
care. However, the increased use of ultrasonic energy dictates that a reliable
assessment of its risks to human‘population has to be(perfofmed. It has been
shown that adverse effects on fetal growth coﬁld occur as a result of exposure
to ultrasound during the prenatal period in certain mouse strains (Januzik,
1976; 0’Brien, 1976).

Although previous studies suggest'adverse effects of either prenatal
protein deprivation or ultrasonic energy exposure on fetal growth and
development, the combined effects of these two stresses on either the fetus or
the maternal organism have not yét been explored in éither human or experimental
animals. Since it is difficult if not impossible to adequately evaluate the
combined effects of thesé‘two stresses on human subjects, the use of an animal
model is indicated.

This investigaion was undertaken to assess the combined effects of
restricted protein intake and ultrasonic energy exposure during pregnancy on the
maternal and fetal mouse . In addition, it was sought to determine whéther the
pattern of placéntal growth in this animal model could serve as a guide to fetal

growth, and whether maternal tissues serve as a barrier providing fetal



protection against these stresses. Results of such investigation should provide
an understanding of the interaction of these two stresses on the maternal

organism and the products of conception.



Chapter 11

Literature Review

‘A. Maternal protein deficiency and outcome of gestation

Additional protein is needed during pregnancy for the expanded matérnal
" plasma, uterus, and breasts, as well as for protein synthesis in the fetus and
placenta (Williams, 1945). During the course of pregnancy, about 800 grams(g)
of additional protein accumulates in the body, and most of these proteins are in
the uterus and its contents (Thomson and Hytten, 1961). ‘Therefdre, some adverse
effects could be expected to occur in_offsprings.if the female has a
protein—deficient»diet>during pregnancy. The effects of protein deficiency‘in
pregnancy, however, are difficult to define preéisely because of metabolic
relationships between energy and protein. A certain critical level of caloric
intake is essential to protect protein from catabolism and to meet basic energy
requirements. However, studies performed in both human and animal models have
provided information to indicate that inadequate matermal protein intake during
pregnancy may lead to impairment of intrauterine growth and development of

fetus.

1. Human studies

Although the relationship between maternal nutrition and pregnancy
outcome in human is exceedingly complex and poorly understood, there are
interesting evidences of damage to the human fetus due to inadequate maternal'
nﬁtrition during pregnancy. These evidences are "wartime experiments' which are
based on clinical data collected during World War II when people were subjected

to severe dietary restriction. The results of these experiments suggest a



positive relationship between nutrition and pregnancy outcome.

During the postwar famine in Holland (during 6 months in 1945) the major
‘adverse effect on reproductive performance was a reduction of birrh weight
(Smith, 1947). The average reduction of birth weight was about 240g (80z) and
the amount of reduction represented aboutﬁ9% of the weight in norﬁal times.
Antonov (1947) also performed a similar study which dealt primarily with
children born during the siege of Leningrad in‘1942 and showed rhat the severe
hunger during the siege affected the condition of newborn children at that time.
The stillbirth rate rose to twice the normal figure and the average weight of
infants born at that time was 500 to 600g less‘than normal. Unfortunately,
these wartime experiments were not able to differentiate the decreased
reproductive performance caused by spebific nutrient deficiency during pregnancy
from those due to gross inadequacy of multiple nutrients and environmental and
social insults.

The role of maternal nutrition during pregnancy on fetal growth has been
the subject of many other human studies (Ebbs, et al., 1941; Burke, et al.,
1943a and 1943b; Lechtig, et al., 1975). Many of the human studies of
nutritional influences on pregnancy have been based on the correlation between
maternal diet and infant weight. Burke and her colleages (1943a) studied diets
consumed by 216 pregnant women, and compared the maternal nutritional status
with the outcome of pregnancy. A significant increase in birth weight and
length was demonstrated in this study, with each additional increment of protein
in the prenatal diet. This suggested that ‘the amount of protein in the prenatal-
diet was an important factor in determining length and weight of newborn infant.
‘ More recently, Lechtig and his colleages (1975) empioyed the method of
‘nutritional supplementation of an experimental group of Guatemala women to see

the relationship between maternal nutrition and outcome of gestation. In this



study, the effects of two types of food suppleﬁentation (prdtein and
protein—caloric_supplementations)_during pregnancy on birth weight were studied
in the poorest-commuﬁities of Guatemala, and a significant increase in birth
weight was demonstrated with caloric supplementation. These data help to
clarify the interrelationship between maternal nutrition and outcome of
gestation in human situation where nutrition and SOCiQeCOnomic factors are
interrelated. However, a human study demands painstaking work, a great deal of

time, and a large number of subjects to yield statistically significant results.

2. Animal studies

It is difficult to investigate the role of nutritional status in human
populations because of moral and procedural considerations, and thus animal
studies become valuable tools for examining the role of maternal nutrition on
outcome of gestation. Considerable evidence concerning the effects of
nutritional restriction of female animals on outcome of gestation has
accumulated, but results on reproductive perforﬁance have not been consistent.
It appears in the literature that maternal malnutrition gives a significant
adverse effect on reproductive performance in subpriﬁate mammals (Berg, 1965;
Pond, et al., 1968; Simonson, et al., 1972; Smart, et al.; 1972; Tumbleson, et
al., 1972; Wallace, 1948b; Zeman, 1967; Zeman and Stanbrough, 1969), but
‘relatively little effect has been reported in primate mammals (Cheek, et al.,
1976; Riopelle, et al., 1975). Since primates are more comparable to human in
terms of growth rate, reprodﬁctive cycle, and placental and uterine structure
(Kohrs, et al., 1976),‘these animals could be an appropriate model for
investigating the effects of dietary modifications during human pregnancy.

| Some aspects of the deleterious effects of protein deprivation during

pregnancy of the rhesus monkey (Kohrs, et al., 1976) have been reported.



Reproductive efficiency was markedly reduced, fetal and infant mortality rates
‘were markedly increased, and birth weight waé significantly reduced in the
iﬁfants born to protein-restricted mothers féd a diet containing 6ﬁly 252 as
much protein as control diet. The temperature control mechanism seen in infant
‘monkeys appeared to bevseriously affected also by protein restriction during
pregnancy (Kohrs, et al., 1979). The six infant monkeys born to
prbtein—restricted mothers during pregnancy had less ability than control
infants to maintain their body temperature after exposure to a hypothermic
environmental stress. This might be comparable to premature, 1Qw birth~weight
human infants who have a similar problem, and thus the sitution for the monkey
could be éonsidered to be close to the human.

In the other'study of the effect of maternal malnutrition (protein or
protein—caloric réstricﬁion) on fetal growth of rhesus monkey (Cheek, et al.,
1976), however, there were no significant changes in fetal body weight and
placental weight of protein-restricted group with or without caloric
restriction. Moreover there were no significént changes in pfotein,
deoxyribonucleic acid (DNA), ribonucleic écid (RNA), cholesterol, and
phospholipid contents of fetal brain of malnourished mother. Riopelle, et al.
(1975) were also unable to find the effect of the reduced maternal protein
intake during pregnancy on fetal growth of monkeys. They fed pregnant rhesus
monkeys semisynthetic isocalbric diets which provided either 4, 2, or lg of
protein per Kg body weight per day, and noted a modest increase in fetal
mortality in pregnancies of mothers fed the lowest amount of protein, ﬁut did
not notice a significant effect on birth weight. These results indicated that
fetal growth of the primate during gestation is somewhat prOteéted against
‘maternal protein or protein-caloric restriction. Accordingly, it can be said

that maternal protein restriction during pregnancy have mild effects on



reproductive performance of primates.

The restriction of maternal protein intake, howevér, produces far
greater fetal growth changes in the subprimates than in primates, due to a
greater protein requirement associated with a much faster rate of fetal growth
iﬁ relétion to the maternal size than that of primates (Payne and Wheeler,
1967). ‘'Therefore, the metabolic stress of prégnancy impbsed on the subprimate
mother is much greater than that for the primate.

Various subprimates have been extensively used to exaﬁine the role of
maternal nutrition in outcome of gestation, although it has been argued that the
results of prenatal growth study with subprimate mammals may nof be abplicable
to the human situation. Especially, effects of maternal protein intake during
pregnancy have been evaluated in various subprimate animals, such as the pig
(Atinmo, et al., I974a and 1974b; Pond, et al., 1968, 1969, and 1973; Rippel, et
al., 1965), miniature piglet (Tumbleson, et al., 1972), cat (Simbnson, et al.,
1972), guinea pig (Young and Widdowson,1975), and rat (Berg, 1967; Nelson and
Evans,1953; Venkatachalam and Ramanathan, 1964; Zeman, 1967; Zeman and
Stanbrough, 1969). Most of these studies show that reproductive efficiency is
reduced as deficiency is increased in severity, but they also indicate that
there are differences among species withiﬁ subprimates in the effects of
maternal protein restriction on reproductive performance; In large mammals such
as pig, relatively little effects of maternal nutrients restriction on
reproductive performance have been observed, compared with small mammals such as
rat. For example, a protein-free diet given throughout pregnancy to pigs
resulted in normal reproductive performance and viability of the progeny whose
weight was two-thirds of the control value (Pond, 1968), but such a diet given
to the pregnant rats did not maintain the pregnancy (Berg, 1967; Nelson and

Evan, 1953; Zamenhof, gﬁﬂg&., 1971). Therefore, one might speculate that the



imposition of insults in different mammals may produce variable degrees of
adverse effects on reproductiyé performance of female animals depending‘on
whether the mammal is large or small and whether the mammal is a primate or
nonprimate.

Some general comparisons can be made,. however, though the risk of
extrapolating results across species boundaries is recognized. In stuaies of .
the effects of,feeding protein—deficient diets to pregnant female animéls,
decreased litter size (Nelson and Evans, 1953; Young and Widdbwéon, 1975),
‘increased resorptions (Nelson and Evans, 1953), decreased weight and/or length
>of individual pups (Allen and Zeman, 1971; Atinmo, et al., l974b; Curtiss, 1953;
Hastings—Roberts and Zeman, 1977; Nelson and Evans, 1953; Pond, et al., 1968 and
1969; Seegers, 1937; Young and Widdowson, 1975; Zamenhof, et al., 1971; Zeman,
1967 and 1970), decreased neonatal survival rate (McCoy, 1940; Stevenson and
Ellis, 1957), and decreased postnatal growth of pups (McCoy, 1940; Pond, et al.,
1969) have been demonstrated. A decreased individual organ weight has also been
deménstrated in newborn pups whose mothers were fed a protein-deficient diet
during pregnancy (Allen and Zeman, 1971; Atinmo, et al., 1974a; Tumbleson, et
al., 1972; Zeman, 1967 and 1970; Zeman and Stanbrough, 1969). Tumbleson, et al.
(1972) fed Sinclair (S-1) miniaﬁure sows either 0.4 or 16% protein diet
througout gestation, and reported the order of vulnerability of the various
organs of progeny as follows (from‘least to most affected): brain, eye, kidney,
heart, pancreas, liver, lung, spleen, tibia, and tongue. Zeman (1967) also
obtained similaf results with rats by feeding protein—deficiént diet during
pregnancy. The protein-restricted diet during pregnancy had a greater effect on
liver and kidney than that on the heart, brain, and thymus. Although the brain
is generally considered the organ that is least affected by nutritional

manipulation, Simons and Johnston (1976) demonstrated that protein deficiency
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during prenatal and neonatal periods delayed brain maturation.

It is interesting to speéuiate the relationship of the difference.in_
sizes of gheseitissues to possible'difference in degree of maturation. The
question also arises as to whether the sizes of tissues are related to'the
functional ability. By examining 1,000 dead human fetuses and infants, Potter
and Thierstein (1943) found that the development of kidney glomefuli was
primarily related to size of kidney, and postulated that organ size is related
to the degree of maturation. Further, it has been reported that functional
ability of several tissues of progeny from protein—deficient mother is
signifiéantly affected (Shrader and Zeman, l§69; Zeman, 1968). Although the
effects on the function of the kidneys of the protein-deficient young cannot be
determined by morphological and histological studies alone, Wachstein and
Bradshaw (1965) suggested that the morphological development, in general,
reflects the degree of maturity and funtional adequacy found in kidneys of
newborn and growing animals. There were definite morphological and
histochemical differences between kidneys from the animals in the control and
protein-restricted groups (Zeman, 1968).l Kidneys from the protein-restricted
animals have fewer and less well-differentiated glomeruli, a greater portion of
connective tissue, and relatively fewer collecting tubules. Reduced activities
of acid and alkaline phosphatase enzymes were also noted in kidneys of
protein—deficient young. These few and immature glomeruli of kidneys from
protein restricted pups were closely related to altered kidney function, with
marked reduction in glomerular filtration rate and depressed urine excretion
(Hall and Zeman, 1968).

Another effect -of maternal protein restriction during pregnancy is
depressed skeleton development (Hastings-Roberts and Zeman, 1977; Shrader and

Zeman, 1973; Zeman, 1967). This effect is evidenced by the decreased crown—rump
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length (Zeman, 1967) and significantly fewer ossification‘center sites in the
fetuses (Hastiﬁgs—Roberts and Zeman, 1977) of protein-restricted dams as
compared with the fetuses of control group. Morebver,vincreased postnatal food
supply achieved by reduction of litter size did not give compensatory changes‘in
the time of appearance of ossification sites (Shfader and Zeman, 1973). These
results indicate that the time of appearance of ossification center is
significantly delayed by prenatal protein restriction, and ossification center
formation is influenced more by prenatal diet than by postnatél nutrition«

By manipulating the diet of pregnant rats, Hsueh, et al. (1967)
attempted to define a critical component which, when deficient, results.in the
previously reported postnatal grthh—stunting of the pfogeny (Chow, 1964; Chow
and Lee, 1964) with 50% overall restriction of dietary intake. They restored
certaiﬁ dietary components to control levels, and observed the effect of'this
-restoration. Restoration of vitamins and minerals failed to improve the
growth—stunting effect of progeny. Restoration of the caloric intake by the
éddition of sucrose resulted in less marked but still signifinant postnatal
grthh—stunting. When both protein content in diet and caloric intake were
restored to control level, however, there was a significant improvement‘in
postnatal growth of progeny, suggesting that protein is the critical dietary
component in maternal diet during gestation.

Previous results of animal studies clearly indicated that reprodﬁctive
efficiency of female animals can be greatly altered by varying the protein
content in maternal diet during preghancy. Furthermore, it indicates that
severe dietary protein restriction during pregnancy is detrimental to fetal
_growth and development regardless of species. If primates (monkeys) and’
subprimates (pigs, rats,.and many others) are both intended for use as

nutritional models for the human, in prenmatal growth study, the discrepancies
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between them and the human must be considered when extrapolating the results of
animal studies. As PaYne and Wheeler (1967) have emphasized, for example, the
metabolic stress of pregnancy imposed on the primate mother is much less than
‘that for other sﬁbprimate species due to its single fetus and its long gestation

period.

3. Fetal cellular growth in intrauterine protein restriction

Where changes occur in sizes of 6rganisms, it is important to consider
the nature of the changes. Although the functional ability may reflect such
changes, there must be a controlled technique to quantify certain events that
occur during prenatal growth in animals.

The growth of an organism might consist in increase in the number of
cells or increase in the size of cells or both (Winick and Noble, 1965). A new
approach to the study of structural growth and development has been applied to
define cellular changes. Since DNA has been shown to be relatively constant
within a single nucleus in any species (6.2 pg for the rat) and the number of
nuclei is equal to the number of diploid cells (Enesco and Leblond, 1962), it is
possible to calculate, with reasonable accuracy, the number of diploid cells in
a given organ or tissue by dividing the total DNA by the amount of DNA per
nucleus. Furthermore, the weight, protein, or RNA contents per cell provide a
mean figure for the material associated with the nucleus as well as the cell
size. Therefore, this technique could provide cellular parameters that would
give additional insights to weight or length data. In the study of normal
growth of ‘rat during prenatal and postnatal periods (Winick and Noble, 1965),
timing and tissue differences in growth were demonstrated by.determining total
animal and individual organ DNA, RNA, protein, and weight at vérious times from

10 days after conception to maturity. ZEarly prenatal growth in the rat
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’proceeded entirely by a proportional increase in DNA, RNA, protein, and weigﬁﬁ.
vThe rate of DNA synthesis decreased at different times for different organs.

Although there is some limitation (Enesco and Leblond, 1962) to the use
of this technique in the study of the embryo and fetus which undergo rapid
mitosis, the interrelationshipvbetweeh intrauterine malnutrition and structural
growth and development of fetus has been explored with this technique by many
investigators (Altinmo, et al., 1974a; Zamenhof, et al., 1968 and 1971;vZemén
and Stanbrough, 1969). The study of the effects of prenatal ﬁrotein restriction
on cell number and cell size in the rat showed that cell size or cell number or
both could be affected by prenatal protein restriction in various organs. Zeman
and Stanbrough (1969) fed pregnant rats either 30 or 67 casein diet throughout
ggstatién and found significant decreases in total DNA contents in carcass,
liver, brain, kidneys, heart, and thymus of protein-deficient youngs at birth.
However, no differences in weight/DNA and protein/DNA ratios were observed in
all tissues studied except in liver of newborn protein-deficient animals. The
results of this study indicate that the effect of maternal protéin'deficiency-on
body and organ size was primarily the result of the decrease in cell numBer.

The reduced cell number in these organs was not reversed by increased postnatal
feeding up to 21 days of age (Zeman, 1970), suggesting that the adverse change
due to prenatal protein deficieny could persist at least until weaning.

Winick and Noble (1966a) suggested, in a study of cellular response in
rat during malnutrition at various ages, that recovery of normal cellular growth
of malnourished animals b? increased feeding depends on the age of animal
(growth phase) at the onset of malnutrition, and recovery is less likely when
malnutrition occurs very early. They‘aISO,suggested that early malnutrition
impeded cell division and the animal did not recover by increased feeding.

However, malnutrition at a later stage of growth resulted in a reduction of cell
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size from which the animal could recover. Therefore, it is expected that
newborn animals subjected to protein deprivation during gestation could be

permanently retarded in growth.

B. Effects of maternal protein deficiency on placental growth and its

association with fetal growth

Between conception and birth the nutritional needs of the fetus are met
by three different mechanisms (Moghissi, 1978):‘during the preimplantation
phase, the blastocyst presumably absorbs nutrients from the reproductive tract
fluids through its outer layer of'ceils, the trophoblasf; from the time of
implantation, a sinusoidal space is formed between the fetal and maternal side
and apparently the embryo receives nutrients directly from the maternal blood
until the establishment of the placental circulation; when the placenta is
developed, the fetus receives its nutrients via placental circulation. Thus the
placenta has a central function in pregnancy, being involved in the transfer of
nutrients to the fetus aﬁd in the inducing of certain metabolic changes in the
maternal organism that are essential for fetal survival and well being.

In animal studies, it is possible to monitor the effects of various
maternal stresses on the growth of both placenta and fetal organs. In the
human, however, the fetus is not available for these types of studies, and the
placenta which is accessible after birth is the only organ available for the
study. Therefore, if the pattern of changes in cellular growth of placenta is
correlated with cellular growth of fetal tissues in animalé; similar changes in
human placenta would give a clue to similar maternal stresses on human fetus.

It has been shown that normal placental growth in rat proceeds in the
same way as in the fetal organs of the rat (Winick and Noble, 1966b).

Initially, DNA and protein increase proportionally, resulting in a constant
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. protein/DNA ratio until the 16th day of gestation. On the l6th day of géstation
the protein/DNA ratio rises, indicating ;hat for a short time both cell division
and cell enlargement are occuring simultaneously. On the 17th day of gestation
:DNA synthesis»stops and protein synthesis continues to rise at tﬁe séme rate,
and therefore the protein/DNA ratio increases markedly. The same general
pattern of cellular growth holds for human placenta (Winick, et al., 1967),
although the timing is somewhat different. Winick, et al. (1967) demonstrated
that the human placenta increases proportionally in total ﬁeiéht, protein, and
RNA until term. However, DNA rises at a uniform rate and then abruptly levels‘
off when. the placenta reaches about 300g or the fetus 2,300g, suggesting that
‘the phase of growth is by enlargement of already existing cells and cell
division stops in human placenta about oné month prior to term. These patterns
will serve as a base for studies to explore abnormal prenatal growth in human.
Abnormal cellular growth in human placentas from 17 infants with low
birth weight but with no malformations has been demonstrated (Winick, 1967).
This study investigated the possibility of a biochemical abnormality in
placentas from iow birth weight infants by comparing the same parameters for
placentas of normal infants. Placentas from infants with intrauterine growth
failure were examined for weight, protein, DNA, and RNA contents, and a
proportional reduction in weight of the placenta and in its DNA and protein
contents, but markedly elevated RNA/DNA ratio were observed. These data
indicated that intrauterine growth failure in infants is associated with reduced
placental weight accompanied by reduction of cell numbers. A significant
correlation between placental growth aAd fetal growth has also been demonstrated
in the studies of both normal (Winick, et al., 1967) and low birth weight
infants (Winick, 1967). These data suggest that the placenta may be used even

in the human as a guide to fetal changes following maternal stresses such as
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maternal malnutrition.

There are interesting evidences of damagé to the placenta,Adue to

inadequate maternal nutrition during pregnancy (Campbell, et al., 1953;
"Hastings—Roberts and Zeman, 1977; Koshy, et al., 1975; Winick, 1971; Zamenhof,
et al., 1971). A reduction in rat placental weightvwith reduced cellular
contents (DNA contents) at the 2lst day of gestation was observed (Winick,
1971). This is due to inadequate protein intake (5% protein in maternal diet)
during pregnancy. Similarly, Hastings—Roberts and Zeman (1977) observed that
the restriction of protein intake (4% casein diet) during pregnancy resulted in
the production of smaller placentas wifh a significant reduction both in cell
number and cell-size. Winick (1971) found that cell number in
protein-restricted rat placenta was reduced by 13 days after conception, cell
size remained normal, and RNA/DNA ratio Qas markedly elevated. Zamenhof, et al.
(1971) also observed that protein-free diet fed to pregnant rats for five
consecutive days during the last half of gestational period (from day 10 to 15)
limited placental growth (25% weight reduction compared to control animals). On
the contray, Campbell, et al. (1953) found that a protein-free diet given to
pregnant rats for the last 6 days of pregnancy resulted iﬁ a very moderate
decrease in placental weight with a considerable loss in maternal weight. This
was apparently brought about by drawing on the maternal reserves laid down
during the first 14 days of pregnancy.

It has been suggested that decreased DNA synthesis found in.placenta
from protein-restricted animal was closely associated with reduction in DNA-
polymerase activity (Vélasco and Brasel, 1972). 1In the study of DNA polymerase
activity of rat placentas, it was found that protein restriction during
gestation reduced placental ﬁNA contents only after 14‘days of gestation, and

the DNA contents were 70% of normal value by the 19th day of gestation.
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Moreover, the reduced‘DNA synthesis in protéin—deficient rat placenta was
preceded by a reduction in DNA polymerase activity, suggesting that DNA
polymerase.activity is correlated with tﬁe rate of DNA synthesis,

These data support the speculation that maternal protein restriction
during gestation might be an important contributing factor to abnormal placental
growth as well as fetal growth failure. Furthermore, they suggest that growth

pattern of placenta may indirectly reflect the fetal condition.

C. Effects of protein deficiency on maternal organism .during pregnancy

| In studies of protein deficiency during pregnancy, relatively less
attention has been given to the mother compared to the offspring. During normal
pregnancy, changes in sizes of various maternal organs occur (Herring, 1920;
Souders and Morgan, 1957), and they are often accompanied by biochemical changes
(Naismith, 1966; Poo, et al., 1939; Smith and Walsh, 1975). 1In a study of organ
weights of pregnant rats, Harring (1920) reported that the liver was greatly
enlarged by pregnancy, while the heart, kidneys, and spleen are not
significantly affected. In addition, Souders and Morgan (1957) found an
increase in weights of the uterus and ovaries compared with those of unmated
littermate controls, but adrenal and thymus weights were decreased relative to
body weight.. The changes in sizes of various maternal organs indicate that
important biochemical changes occur in these organs during pregnancy, and the
increase in size of the liver is associated with considerable increases in fat
(especially, triglyceride), protein, and RNA contents, and slight increase in 
FDNA contents (Smith and. Walsh, 1975; Naismith, 1966). A considerable increase
in protein synthesis was also observed in various species of animals during
normal pregnancy (Blaxter, 1964), due to the significant increase in nutritional

demands for expansion of maternal tissues as well as growth of fetus. During
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pregnancy the formation of the fetus draws materials from the mother for protein
formation, while at the same time the enlargements of maternal tissues require»a
considerable prepondérance of protein anabolism over catabolism. fhus the
protein intake of Qomen should be significantly increased during pregnancy
(FAO/WHO, 1956; NAS/NRC, 1980).

Since it was belie&ed that the fetus was parasitic to the mother, and
had the ability to draw from the mother all of its dietary needs regardless of

maternal nutritional status, pregnant women are likely to be susceptible to

giotei éficiency. However, Wallace (1948a) pointed out on the basis of animal
data (sheep) that competition for available nutrients exists between the fetus
and its mother when these are in short supply. Since it is generally considered
that protein deficiency during pregnancy leads to a reduction in maternal
reserves of pregnancy, it is interesting to observe the effects of a protein
restriction on maternal nutritional status during pregnancy and to correlate
them with fetal growth.
The impact of nutritional insult upon the individual organs of the
maternal body might be different. It has been demonstrated, with nonpregnant
 (Addis, et al., 1936; Robinson, 1948; Wainio, et al., 1959) and pregnant
(Wallace, 1948a) animals, that the liver is the organ in which the greatest
degree of change was observed during nutritional manipulation. Addis, et al.
(1936) found that during a 7-day fast the rat lost 40%Z of the original protein
content in the liver, from 18 to 28% in heart, kidneys, and alimentary, 87 in
muscle, skin, and skeleton, énd 5% in brain. Similarly, Robinson>(l948) showed,
in a study of nonpregnant sheep, that the weight of the liver is particularly
sensitive to a change in nutritionél level.in diet. The same general pattern of
changes in maternal organs was found in pregnant énimals (Wallace, 1948a).

In a study of pregnant ewes which were given various amounts of food
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during pregnancy (Wallace, 1948a), increased liver weight that occurs as a
result of pregnancy was not maintained by restricted food intake during
pregnancy. Furthermore, the results of this study pointed out that liver weight
and protein contents in the liver were more sensitive to nutritional
manipulation than the large protein ﬁass of the muscles. The liver illustrates
tissues with labile cytoplasmic proteins, most of them are components of various
enzymes which rise or fall in quantity as dietary protein increases or decreases
(Muramatsu, et al., 1962; Wainio, et al., 1959). These labilé proteins
contribute amino acids to the metabolic pool for protein anabolism;

These data indicate that the impéct of protein restriction might differ
from one tissue to another, and it is particularly marked in the liver.
Furthermore, they suggest that a quantitétivé examination of biochemical changes
in matermnal liver could provide information about maternal nufritional status

during pregnancy.

D. Exposure to ultrasonic energy during pregnancy and its biological effects on

organism

Ultrasonic energy has emerged. as a possible stress to the human because
of its répid commercial development and increasing application in clinical
practice of medicine. Over the last two decades, ultrasonic energy has been
used for obstetric diagnosis, and it has gradually replaced radiologic
techniques (Gottesfeld, 1978). The diagnostic ultrasonic techniques in
obstetrics employ ulfrasound as a means of obtaining information about the
structure and functions of the organs of the maternal and fetal bodies, such as
fetus, placenta, and uterus. Its use in obstetrics includes determination of
multiple pregnanéy_(Picker,.gg.gl., 1977), fetal sex (Stocker and Evans, 1977)

and position, age of the fetus, and localization of the placenta (Gottesfeld,
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1978). It is also used to diagnose fetal anomalies by identifying all the major_
~organs, including heaft, liver,'kidneys? and bladder (Taylor, 1977).

There are several methods of using ultrasound for diagnostiec purposes.
These methods are A-scan, B-scan, Rapid B-scan, Time—motion scan, Stop—action
scan, and ultrasonic Doppler scan. In most techniques, echo information is
obtained from the tissue structure and then displayed in an appropriate manner.
The most common ultrasonic diagnostic method is a technique involving the
reflection of continuous wave ultrasound and the phenomenon known as the Doppler
effect (McDicken, 1976). The ﬁoppler effect is a change in the observed
frequency of a wave because of the motion of source, and thus the motion can be
detected by a change in ultrasonic frequency due to the motion of the source.

While diagnostic ultrasonic techniques are widely.used and actually
offer much usefui'information, it.is necessary to assess its possible biological
effects on the organism. The degree of its effects on the organism might be
related to several factors: ultrasonic intensity (or power); ultrasonic
frequency; irradiation time; and mode of irradiation (pulsed waves or continuous
waves). Adverse effects of ultrasound on biologicl systems could include
degradation of biological molecules, destruction of cells and ceil organelies,
and formation of lesions in the tissues (0'Brien, et al., 1972). The thermal
effect (heat results), the mechanical effect (shearing stresses), and the
cavitation (oscillating gas bubble formation) have been implicated as a
mechanism inducing biological damage associated with the ultrasonic effects
(McDicken, 1976).

There are interesting experimental data which suggest that there are
possible risks of ultrasonic energy to the organism. In a study of CFl mice

e a3

ntensities ranged from 0.5 to 5.5

exposed to ultrasonic energy (at spatial
: /

2

W/cm“ for durations ranging from 10 to 300 seconds) during gestation, especially
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. during the period of neurogenesis and ‘early organogenesis (0’Brien, 1976), it
was reported that significant fetal weight reduction was evident at the 18th day
of gestation. However, Januzik (1976) was not able to observe the negative

2 for 20

effect of ultrasonic energy (at spatial peak intensity of 2.5 W/cm
seconds) on fetal weight (onvl8th day of gestation) by using a different strain
of mice (LAF1/J mice) from those used by O0’Brien (1976). In the study by
Januzik (1976), the effects of ultrasonic irradiation on postpartum weight
changes after in utero exposure of ultrasonic energy were also examined, and
significant body weight reductions were observed in irradiated pups at the 2lst
day of postconception. These previous data suggest that tnere must be a certain
degree of risks to the fetus from ultrasonic energy exposure during the  prenatal
period. The risks of ultrasonic energy exposure during the reproductive life of
an individual might be serious, and the safety‘for the fetus under stress is

still in question. Therefore, a reliable assessment of risks and benefits

associated with exposure to ultrasound is necessary.

In summary, it is still unclear whethen the results obtained using
animal models can be directly extrapolated to humans where nutrition and
socioeconomic factors are interrelated.  Nevertheless, animal studies have been
almost exclusively used to assess the effects of maternal stresses on fetal
growth and development because of the ease with which experimental conditions
are controlled. Many animal studies dealing with the restriction of maternal
protein intake during gestation and its effects on the reproductive performance
of the mofher have indicated that inadequate protein consumption during
pregnancy could result in poor reproductive efficiency and fetal growth failure.

At tne same time, ultrasonic energy has emerged as a possible stress to
the human in utero with its rapidly increasing application for obstetric

diagnosis, and there is evidence that suggests possible risks to the fetus from
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ultrasonic energy exposure during prénatal period.

Although evidence supports separate adverse effects of either maternal
protein deprivation or exposure to ultrasonic energy during pregnancy on fetal
‘growth,-there are no data that link combined effects.of these two stresses on
fetal growth and deVelopment.

Since huﬁan fetus is not available for investigation, it is important té
consider whether placental growth pattern indicates fetal condition. There is
evidence which suggests that growth pattern of placenta may ihdirectly reflect
the fetal conditién, but evidence supporting this theory is inconclusive.
Therefore, a detailed study of placenta in conjunction with fetél growth as
influenced by matérnal exposufe to protein restriction and ultrasonic energy
would yield important information which may help to resolve the controversy.

In addition to fetal growth and development, maternal tissue changes - and
their relationship to fetal growth have to be considered to determine Whethér
maternal tissues serve as a barrier for providing fetal protection against
environmental stresses. Tremendous voids in our knowledge exists concerning the
combined effects of ultrasonic energy exposure during pregnancy and maternal
nutritional deprivation. Much more research is needed particularly that which
focuses on the relationship between maternal tissue changes and fetal growth as

affected by maternal protein restriction and ultrasonic energy exposure.
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Chapter III

Materials and Methods

A. Experimental design

1. Experiment 1 : The influence of dietary protein and fat levels on fetal

growth in mice

: This experlment was performed to standardize the control diet which
would be used in the following experlments:////,/"L/’F}(u?/ﬁ{

In this experiment, pregnant mice were fed purified diets ad libitum
starting on day zero of pregnancy. These purified diets contained various
levels of casein (ranging from 6 to 20%) and fat (either 5 of 15%), and the
composition of each diet is shown in Table 1.‘ The caloric density of diets was
either 4.0l or 4.51'Kcal/g diet depending on the level of fat in diets.

No animal was exposed to ultrasonic energy in Experiment 1.

2. Experiment 2 : The combined effects of ultrasonic energy exposure on day 4 of

gestation and protein-deficient diet on fetal growth in mice

This expériment was conducted to determine the adverse effects of
ultrasonic energy and/or protein—deficient diet on fetal growth. The design of
this experiment was 2X2 factorial (Figure 1) where two levels of maternmal
" nutritiomal condition (adequate and restricted protein) and two levels of
ultrasonic energy exposure (actual and sham irradiation) were applied to
pregnant mice. |

The compositions of purified diets used in this experiment are shown in

Table 2. A purified diet containing 127% casein was considered to be a control
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Ultrasonic Energy
(sham or actual)

Nutrition (adequate or restricted)

Adequate Protein

Sham Irradiation

Restricted Protein

Sham Irradiation

Adequate Protein

Actual Irradiation

Restricted Protein

Actual TIrradiation

Figure 1. Experimental design
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diet in this experiment, since 127 casein diet was recommended for satisfactory
reproduction of rat at the time (NAS/NRC, 1972), and the 12% casein diet with
15% fat was considered to be indicated for satisfying the nutritional demands of

pregnant mice on the basis of maternmal liver lipid and fetal composition data

from Experiment 1. The protein—restricted diet‘contained 6% casein. All diets
contained 157 fat, since an improvement of reproductive performanées of mice was
observed with increasing dietary fat level from 5 to 15% in the previous
experiment.

Every pregnant animal was exposed to the irradiation procedure, either

actual or sham irradiation, on the 4th day of gestation.

3. Experiment 3 : The combined effects of ultrasonic energy exposure on day 8 of

gestation and protein-deficient diet on both maternal and

fetal mice

The design of this experiment was the same as that in Experiment 2 (2X2
factorial) where two levels of maternal nutritional condition (adequate and
restricted protein) and two 1evelé of ultrésonic energy exposure (actual and
sham irradiation) were applied to pregnant mice.

Since 18% casein diet was recommended recently by the National Academy
of Science (1978) for satisfactory reproduction of mice, and an improvement of
reproductive performances of mice was observed with increasing dietary fat from
5 to 15% in the previous study, the purified control diet (protein adequate
diet) used in this experiment contained 18% casein and 15% fat, with 4.5 Kcal/gv
of caloric density (Table 3). The purified protein—restricted diet, which was
isocaloric with the control diet, contained 6% casein and 15% fat.

Every pregnant animals used in this study was subjected to the

irradiation procedure, either actual or sham irradiation, on the 8th day of



Table 3

A . 1 . : .
Composition of diets™ used in experiment 3

control ‘ protein restricted
% diet2
casein 18.0 6.0
methionine 0.5 | 0.5
| corn oil 10.0 10.0
lard3 5.0 5.0
corn starch | 51.3 , 51.3
sucrose 9.2 21.2
salt mixturellL 5.0 5.0
vitamin mixture 1.0 . 1.0

lprepared in a 2% agar gel (1:1, dry diet:water)
2on the basis of dry weight
3lard, catalog #902140, Nutrition Biochemical, Inc., Cleveland, Chio

4Rogers-—Harper mineral mixture, catalog #170760, Teklad test diet,
Madison, Wisconsin

5Vitamin fortification mixture, catalog #40060, Teklad test diet,
Madison, Wisconsin
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gestation.

B. General procedures
1. Animals
a. Species

Conventionally reared LAF1/J mice (Jackson Lab, Bar Harbor, Maine) who

were proven breeders and weighed between 24 and 3lg were employed.

b. Mating procedure

A male LAF1/J mouse was plaéed with three femalés of the same species in
a cage for approximately two weeks. The females were examined to determine
pregnancy. When a female was pregnant, that female and the male in that cage
were considered proven breeders and eligible for use in thé study.

Proven breeders were mated by placing five females and two males
together for a two—hour period (from 8:00 awm. to 10:00 a.m.) and successful
mating was ascertained by observing the presence of vaginal plugs. The day on
which vaginal plugs were observed was considered day zero of pregnancy. On day
zero, the pregnant females were divided into groups and assigned to one of the

dietary regimens.

c. Housing

The animals were kept’in a temperature—controlled room (ZOOC) with
alternate 12-hour light-dark periods. Pregnant females were housed individually
in polypropylene "shoe-box" cages with Sanicel bedding (Paxton Processing

Company, Inc., Paxton, Iilinois).
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2. Diets

All animals were fed a commercial lab feed (Wayne Lab-Blox, Allied
Mills, Inc., Chicago, Illinois) until they were mated, and purified diets were
used during the gestation period in all experiments. Food and watervwere
available ad libitum until the time of sacrifice.

According to the manufacturer, commercially prepared Lab feed consisted
Qf natural foods, and by proximal analysis contained 247 of crude protein, 4% of
crude fat, and 4.5% of crude fiber. Vitamins and minerals wefe also present in
amounts adequate for reproduction. Cpmpoéition of purifided diets used in
Experiments 1, 2; and 3 are shown in Tables 1, 2, and 3, reépectively.

Dietary composition of major dietary constituents of purified diets was
-verified by proximal analysis in this laboratory. Protein content was
calculated. as 6.25 times the nitrogen content which was measured by Kjeldahl
_analysisb(Oser, 1965). Fat was extracted for 16 hours by the Soxhlet method
(Horwitz, 1975a), by using‘ethyl ether at 30-60°C and fat content waé determined
gravimetrically. Ash was also determined gravimetrically following complete
combustion in a muffle furnace at 550°C for 8 hours (Horwitz, 1975b).

All purified diets were incorporated into a 2% agar gel to reduce
wastage and to facilitate the determination of food intakes. The agar-based
diet was color-coded by treatment to minimize possible errors in experimental
feeding procedures.

The food consumtion of each animal was determined. Each animal was
housed separately and given a weighed portion of gel diet. On the following
day, any uneaten food was collected, dried at 7OOC, and weighed. The»food
‘intake of each animal was calculated on dry weight basis and food intake was

recorded on a dailyvbasis for each animal.
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3. Animal irradiation

The following irradiation procedure was used in Experiments 2 and 3.
The pregnant mice were anesthetized with "Metofane" (methoxyfluorane,
Pitman-Moore, Inc., Washington Crossing; N.J.). At desired anesthetic
condition, hairs on the total abdomen, both the sides and dorsal surface, were
removed with electric clippers, and a commercial dipilatory ("Neet", Whitehall
Lab, Inc., N.Y., N.Y.) was applied to remove stubbles. The animals were mounted
on the holder.in a "spread—eaglé” fashion and positioned in'i;radiation tank.
The irradiation was performed in the transmitting medium (37°C, saline solution)
at an ultrasonic frequency of IMHz. The spatial peak intensity for each
exposure was 2.5 W/cm2 (actual ifradiation) and 0.0 W/cm2 (sham irradiation) for
a duration of 20 seconds. The irradiation procedure included six exposures
which permits exposure over the entire abdominal region. The irradiation was
monitored by a computer, which permits a blind study by selecting the ifradiated
and sham animals in random fashion. Sham irradiated animals received identical
treatments, but did not receive actual ultrasonic energy.

After irradiation the mice were wrépped with a tissue to prevent them

from becoming chilled during their recovery, and placed in individual cages.

4, Animal analysis

a. Experiment l: The influence of dietary protein and fat levels on fetal growth

in mice

All animals were killed by cervical dislocation (The Universities
Federation for Animal Welfare, 1976) on day 18 of gestation, because it is
generally considered that the average gestational period of mice is 19 days

(Rugh, 1968). At the time of dissection, maternal liver and all fetuses were
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excised and immediétely frozen at -25°C for subsequenf compositional analysis.

Uteri of dams were carefully examinea for the presence of implanfation
sites to determine whether the sites Qere normal or in the procesé of
resorption.

Since no correlation between litter size and fetal weights was found in
this experiment, all fetuses were eligible for compositional analyses. Fetus
were selected at random from the midsection of both uterine horn for analyses,
because fetal weight varies within individual uterine horn as. well as betwéen:'
the two horns (Barr, et al., 1970).

Randomly chosen fetuses from each mother were assayed fof DNA, RNA,
protein, lipids, and ash contents. Maternal liver was also analyzed for lipids
contents. The nucleic acids were isolated by a modification of the method of
Schmidt—Thanhouser (Fleck and Munro, 1962), in which the homogenate was
. precipitated with trichloroacetic acid, washed with alcohol—efher mixtures, and
dissolved in 0.3N NaOH solution. The resulting solution was used for the |
determination of DNA and RNA. DNA was measured by the modified-Ceriotti method
of Hubbard et al. (1970) with calf thymus DNA (Sigma Chemical Company, St.
Louis, Mo.) as the standard. In this method indole reacts with sugar moiety,
deoxyribose, of DNA molecules and gives a yellow color. RNA was determined'by
the colorimetric method of Ceriotti (1955) with calf liver RNA (Sigma Chemiéal
Company, St. Louis, Mq.) as the standard. Orcinbl.was used, in this method, to
develop a blue—green color with furfural formed from ribose when ribose is
heated with FeCl3—HCl solution. Total lipids were determined by the method of
Folch, et al. (1957). Protein was measured colorimetrically with Biuret reagent
(Leshner and Litwin, 1972) by using bovine serum albumin (Sigma Chemical
Company, St. Louis, Mo.) as the standard. The ash content of each fetus was ‘

measured gravimetrically after complete combustion in a muffler furnace at 550°¢
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for eight hours (Horwitz, 1975b). The ratios of protein to DNA, RNA to DNA,
lipids to DNA, lipids'to RNA, protein to RNA, and protein to lipids were

calculated as a mean of assessing cellular changes.

b. Experiment 2: The combined effects of ultrasonic energy exposure on day 4 of

gestation and protein—deficient diet on fetal growth in mice

The same experimental procedures for animal analysis were used in this

experiment as those used in Experiment 1.

c. Experiment 3: The combined effects of ultrasonic energy exposure on day 8 of
gestation and protein-deficient diet on both maternal and

fetal mice

Ihe same general eXﬁerimental procedures were used in this ekperiment
for animal analysis.

During gestation, all maternal animals were weighed at regular intervals
(every other day from day zero to day 18 of gestation), and records of weight
gain were kept for each animal. Besides maternal liver and fetuses, placentas
were also collected for subsequent'compositional analysis at the time of
dissection. At the time of sacrifice of animals the following data were
recorded: 1) maternal body weight; 2)maternal liver weight; 3)weight of uterus
and its contents; 4)litter size; 5)number of reéorption sites per mother;
6)individual fetal weight; and 7)individual placental weight. A placental to
fetal ratio for each animal was calculated from these data. The weights of
uterine tissue and fluids were also calculated by subtracting the weights of
fetuses and placentas from weights of uterine mass. Randomly chosen fetuses and

placentas from each mother were assayed for DNA, RNA, protein, lipids, and ash
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contents. Maternal liver was also analyzed for DNA, RNA, protein, and lipids
contenfs.

.To assess fetal skeletal development, one to two randomly selected
fetuses from each mother were fixed in 70% ethanol, cleared in 0.1% KOH
solution, and stéined with alizarin red S (Tipton and Burt, 1977). The cleared
specimeHS'were inspected for skeletal development and deformities, and missing

ossification centers were counted against the reference control animal.

5. Statistical analysis

Analysis of variance (2X2 factorial) and regression and correlation
Statiétics (Steel and Torrie, 1960) were used in data evaluation. Student’s
t—test‘was also used to determine whether the correlation coefficient obtéined
from the correlation analysis was statistically significant. A probability

value of less than 0.05 was taken as the level of significance.
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Chapter 1V

The Influence of Dietary Protein and Fat Levels on and Fetal Growth in Mice

A. Results
1. Maternal food and caloric intakes

Data on food and caloric intakes of maternal animals fed purified diets
containing various levels of protein and fat during gestation are presented in
Table 4. At each level of dietary fat, pregnant mice consumed similar
quantities of food regardless of dietary protein level. However, maternal food
intake during ggstation dropped significantly when the dietary fat level (and
thus the caloric density of the diet) was increased from 5 to 15%Z. As a resﬁlt,

total caloric intakes were not affected by changes in the dietary fat level.

2. Maternal liver lipid changes

The maternal liver lipid accumulation (Table 4) was influenced by the
levels of dietary protein and/or fat. At each level of dietary protein,
increasing dietary fat level from 5 to 15% resulted in a significant decrease in
liver lipid content. The level of dietary protein, likewise, had a significant
influence on maternal lipid content. At 5% of dietary fat, there was a
significant decrease in liver lipid content as the casein level was increased
from 6 to 20%. When dietary fat level was increased from 5 to 15%, increasing
dietary casein level from 6 to 12% resulted in a significant decrease in liver
lipid content, but no further change in liver lipid content was observed with

further increasing casein content to 207Z.
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3. Gestational performance

Results of the gestational performance of mice fed differént dietary
regimen (Table 5) show that the levels of dietary fat and protein had no
influence on the number of resorption‘sités per dam, litter size, and fetal
weight . However, when the data were expressed as percgntage resorptions of
implantations and peréentage litters of implantations per dam, marked influences
of the fat and protein contents in maternal diet were notéd. _This 1s due to the
fact that by presenting data in this way it is possible to compenséte for the
variations in the number of implaﬁtations, which tend to occur independently of
changes in dietary protein and fat intakes during gestation. The influence of
dietary protein level on percentage resorptions and percentage litters of
implantations was evident only at the high level of dietary fat (15%). When
diets contained 15% fat, percentage resorptions and percentage litters of
implantations'were significantly decreased and increased, respectively, as the

casein level in diet was increased from 6 to 207%.

4. Fetal composition

Results in Table 6 illustrate that both the protein and fat levels in
diet during gestation cause marked changes in fetal protein contents. When
diets contained 5% fat, no significant change in fetal protein content was found
with increased dietary casein levgl from 6 to 12%. However, there was a
significant increase in fetal protein content with increased dietary casein
level from 6 to 20% in these 5% fat diets. In contrast, when diets contained
15% fat, a significant increase in fetal protein content was observed when
casein level in diet was increased from 6 to 12%. When casein content was

further increased to 20% in.this 15% fat diet, however, no further change in
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fetal prptein‘content was observed. Neither dietary fat nor dietary protein
levgl influenced fetal fat gnd ash contents (Table 6).

The influehce_of,dietéry protein level on fetél DNA conteﬁt (Téble 7)
was shown only at the high level of dietary fat (15%). When diets contained 15%
fat, fetal DNA content was significantly increased as the casein level was
increased from 6 to 12%. As casein content was further increased to 20% in
these 15% fat diets, the fetal DNA content did not continue to increase. The
change in fetal RNA content was the same as that observed in feﬁal protein and
DNA contents. A significant increase in fetal RNA content was observed with an
increase in the casein level from 6 to 20% in 5% fat diets, while fetal RNA
content was increased when the casein level was increased from 6 to 12% in 15%
fat diets. The ratios of protein to DNA and RNA to DNA (Table 7) were not

significantly different among dietafy groups .

B. Discussion

Nutrient—deficient diets often have the effect of producing a caloric
deficit due to a decrease in total food intake. 1In this study, however, no
significant change was observed in food or caloric intake of pregnant animals

with a change in the protein content of diets at each level of dietary fat.

T

?y othe% investigators (Zeman,

1967; Zamenhof, et al., 1971) studyijg’progﬁ n defiﬁ&ency during pregnancy. In.
/f ‘ )

contrast, significantly reduced foq&\iiiiiiijgjf$rotein*deficient animals during

These findings are similar to those report

-

pregnancy have also been reported (Hastings—Roberts and Zemam, 1977). In this
study, a:change in the level of dietary fat, likewise, did not result in changes
in caloric intakes among groups. Therefore, it can be concluded that any
changes in maternal and fetal organisms with altered dietary protein and/or fat

levels are due to differences in respective nutrient intakes rather than altered
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caloric intakes.

Results from the present study show that the amount of fat accumulation
in the maternal liver of mice is reduced with an increase in bothAdietary
protein and fat'céntent. Liver lipid accumulation at low dietary protein level
has been attribuﬁed to interference with the intracellular metabolism of lipids,
since impairment of lipid transport due to decreased synthesis of the protein
portion of the lipoprotein molecule has been suggested as a possible cause for
fatty liver in the case of protein deficiency (Flores, éE_gl;, 1970; Seakins and
Waterlow, 1972; Truswell, et al., 1969).‘ It has also been speculated that fatty
changes in the liver on low-protein diets might be due to a net increase in the
amount of lipid per gram‘of tissue caused by a reduction in liver cell size
(Edozien and Switzer, 1978), rather than changes in intracellular metabolism of
the lipids. On the other hand, the observed reduction in the liver lipid
accumulation caused by additional fat in diet may be‘due to a decrease in
lipogenesis when animals are fed high dietary fat levels (Platka-Bird and
Bennink,vl978).

When diet contained minimal amount of protein (6% casein), increasing
the dietary fat content frbm 5 to 15% had no effect on any of the parameters
measured for gestational performance (litter size, percent litters of
implantations, number of resorption sites, and percent resorptions of
implantations) and fetal growth (fetal weight and fetal body composition). This
is probably because increasing the fat level lowers food intake, and
consequently increasing fat content could exaggerate a deficient state of
protein, as well as lead to a deficient state of other nutrients guch as
vitamins and minerals. When diet contained sufficient amount of protein (20%
casein), however, increasing the dietary fat content improved both gestational

performance and fetal growth.
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Percentages of resorptions and litters of implantations of mice were not
altered by an increase in the level of dietary protein when diets contained low
level of dietéry faf (5%)« However,‘at the high leyel of dietary fat (15%), an
increase in dietary casein from 6 to 207 improved'the outcome of gestation, as
indicated by a significant decrease in percentage resorptions and an increase in
percentage litters of implantations. Thesebdifferences in the outcome of
gestation with different levels of dietary fat indicate that some fat, besides
supplying the essential fatty acid, is needed for optimal gestational
performance. Other investigators (Knapka, et al., 1978) similarly noted that an
increase in the fat content of the diet from 4 to 12% improved reproductive
performance at the high level of dietary protein, as measured by increased
litter sizes and weaning weights of pups in their study using other inbred
strains of mice (BALB/cAnN, C3H/HeN, C57BL/6N, and DBA/2N).

As shown in Table 6, the protein content was low in fetus from mice fed
low-protein diets (6% casein), regardless of dietary fat level. However, the
le&el of fat in diets had a significant effect on fetal protein content as
dietary protein level was increased. When diets contained low levels of fat
(5%), an increase in fetal protein content was observed only by a large increase
in dietary protein level (from 6 to 20% casein). At the high level of dietary
fat (15%), however, increased fetal protein content was noted with a small
increase in dietary protein (from 6 to 12% casein). These results indicate that
dietary protein utilization was affected by the dietary fat content as well as
by the level of dietary protein.

A significant increase in fetal DNA content (Table 7), without a change

in protein/DNA ratios, was found when the casein level was increased from 6 to

127 in high fat diets. This indicated that the result of protein restriction on

P e T e

fetal cellular growth was primarily a change in cell number, rather than cell

B N s S S

et S —
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size. Similar findings were reported for rats (Zeman and Stanbrough, 1969).

S .
The increase in the ‘fetal RNA content (Table 7) was also observed as dietary

v protein and/or fat level increased, and the increase in fetal RNA'content was .
closely associated with increase in‘fetal protein content.

The results of this study iﬁdicate that protein metabolism is influenced
by thg level of dietary fat, and thét high fat diets are utilized more
efficiently than low fat diets. Even though there is yet insufficient evidence
to show whether the protein-sparing action occurs primarily through protein
synthesis or other reactions in protein metabolism, instances in which certain
phases of protein metabolism can be influenced by dietary fat have been
' reborted. For example, lower excretion of urinary nitrogen (Samuels, gﬁ_gl.;
1948) was found in rats receiving high fat diets after fasting. This sﬁggests
that the extent of protein catabolism is réducéd by dietary fat. It was also
observed‘that rats made more efficient use of low protein diets when the basal
diets contained 30% of fat than when diets contained only 3% of fat (French, et
al., 1948).

The results of this study clearly demonstrated that both the dietary
protein and fat levels significantly influence fetal growth of LAF1/J mice.
Dietary fat influenced'protein utilization and gestational performance of these
mice. Optimal fetal growth was obtained with the diet containing 207% casein
with 15% fat as indicated by increased fetal protein, DNA and RNA contents.
Normal maternal liver lipid content in this ZOZ protein and 15% fat diet also

indicates that this diet is optimal for reproductive performance of LAF1/J mice. .
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Chapter V

The Combined Effects of Ultrasonic Energy Exposure on Day 4 of Gestation and

Protein-Deficient Diet on Fetal Growth in Mice

A. Results
1. Characteristics of maternal animals

Food and caloric intakes of maternal animals were essentially the same
in all groups (Table 8 and Appendix 1). However, the differences in maternal
body weight gain, liver weight, and liver lipid contents among groups were
noticeable due to protein restriction during gestation (Table 8 and Appendix 1).
The body weight gain of maternal animal fed‘protein—deficient diet was
significantly lower than that of animal fed protein-adequate (control) diet. 1In
addition, the weight of maternal liver as well as liver lipid contents were
significantly low in the protein-restricted group.

In contrast, all maternal parameters tested in this experiment were not
influenced by either the ultrasonic energy exposure or the interaction of

protein restriction and ultrasonic energy exposure.

2. Gestational performance

The results of‘gestational performance of mice are summarized in Table 9
and the analysis of variance of these data is shown in Appendix 2. The
introduction of protein-restricted diet and ultrasonic energy to pregnant
animals had no effect on 1ittervsize and resorptions of lmplantations. On the
other hand, the weight of fetus from protein-restricted mother was significantly

lower than that of the controls, regardless of irradiation conditions. No
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combined effect of protein restriction and ultrasonic energy exposure on

gestational performance was observed in this experiment.

3. Fetal growth

Data summarizing the results of major constituent analyseé of fetus are
shown in Table 10. The analysis of'vériance of these data (Appendix 3) revealed
that maternal protein deprivation during pregnancy had significant adverse
effect on fetal protein content, but not on lipids nor ash cogtents of fetus.
However, the effects of ultrasonic energy exposure and its interaction with
protein deprivation were not significant for fetal protein, lipids, and ash
contents.

Datavconcerningvfetal cellular growth measurements are presented in
Table 11, and the analysis of variance of these data is showq in Appendix 4.

The fetal RNA content was markedly reduced by the separate effect of either
protein restriction or ultrasonic energy exposure, although no signifiéant
difference in fetal DNA content was”observed among groups. No effect of
“interaction of these two stresses, however, were noticed on fetal RNA contents.
Further, there were significént reductions in protein/DNA ratios as well as
ENA/DNA ratios of fetuses when maternal animals were fed protein-restricted diet
during gestation. However, the effects of ultrasonic energy exposure and its
interaction with protein restriction were negligible for both the protein/DNA

and RNA/DNA ratios.

B. Discussion

It has often been conjectured that protein—deficient diet has the effect

of decreasing the total food intake, but evidence supporting this theory has not
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been convincing. While protein—dgficient diet has been reported to result in
decreased‘food intakes in various species of pregnant animalsr(Berg, 1967;
Kohrs, g_t_ al., 1976; Pond, et al., 1968), no significant differ_énée in food
intake betweeq control and protein—aeficient groups was observed during
gestation.by other investigators (Zamenhof, 2£ §l.,,1971; Zeman, 1967).. Since
we observed that maternal food intakes of low-protein diet groups did not differ

from those of control groups, any changes observed in maternal and fetal

organisms with protein~deficient diet could be directly'attributable to

low-protein intakes in this experiment.

The maternal body weight gain during gestation was significantly
affected by protein restriction, whereas maternal weight gain did not appear to
be affected by either exposure to ultrasonic energy or its interaction wiﬁh

protein restriction. Protein-restricted animals gained less body weight during

gestation than the control animals did. This inferior maternal body weight gain

in protein-restricted animals may be due to significant reductions in maternal

"liver and fetal weights in this experiment. These results would be compatible

with previous findings which show a net loss of maternal body weight as well as
decreased fetal weight as a result of maternal protein deprivation during
gestation (Hastings—Roberts and Zeman, 1977).

As previously reported (experiment 1), maternal protein restriction
resulted in a significant increase in accumulation of maternal liver lipids in
this experiment. Liver lipid accumulation in protein-restricted animals may be
a result of the impairment of lipid transport due to decreased synthesis of
protein part of the lipoprotein molecules, because low plasma triglyceride
levels have been frequently observed in protein-deficient subjects (Flores, et
gl.; 1970; Seakins and Waterlow, 1972).

There were no significant differences in both litter size and
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resorptions among the groups. The results indicate that a 67 casein diet can
maintain normal size litters throughout gestation, and ultrasonic energy
exposure on day 4 of gestation has no effect on the maintenance of prégnancy.
However, protein restriction during gestation produced fetus which was smaller
than control, and the fetus from protein—restriéted'mother had significantly
lower protein contents than the control animals did. Experiments with rats
(Zeman, 1967), in which pregnant animals were fed a diet containing either 24 or
6% casein as the sole source of protein, yielded similar results to those
observed in this experiment. Pregnant rats fed protein—réstricted diet produced
pups with decreased birth weight and decreased liver and kidney weights with
respect to total body weight.

~Although no signifipant differences_in fetal weight were observed in
this experiment that are due to ultrasonic energy exposure, the results suggest
that fetal weight reduction is at least partly due to ultrasonic irradiation
when protein is restricted. Similar trend was also noticed in fetal protein
contents. These results suggest that there is a certain degree of risks to the
fetus from ultrasonic energy exposure during prenatal pefiod, and the adversé
effect of ultrasonic energy might manifest itself during the postnatal period.
This speculation is supported by previous findings by Januzik (1976). 1In the
study of LAF1/J mice exposed to ultrasonic energy during gestation, Januzik
(1976) was not able to observe the negative effect of ultrasonic energy on fetal
weight on the 18th day of gestation, but a significant body weight reduction was
observed in irradiated pups on the 2lst day of postconception. |

The growth of an organism consists of an increase‘in the number of cells
or growth in the size of cells or both (Winick and Noble, 1965), and thus many
studies have been concefnéd with cellular changes in fetal organism (Zamenhof,

et al., 1968 and 1971; Zeman and Stanbrough, 1969). The size of cells in the
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fetus of prdtein—restricted animals, as indicated by the protein/DNA ratios, was
reduced in this experiment. The RNA contents per cell, as indicated by RNA/DNA
ratios, was also significantly decreased by protein restriction. The decreased
amount of fetal RNA content by either'prqtein restriction or ultrsonic energy
exposure may be related to the decreased protein synthesis, since the trend of
change in RNA/DNA ratios and protein/DNA ratios was in the same general
" direction in this experiment. Cell number, as indicated by total DNA contents,
was somewhat reduced by ultfasonic energy exposure when protein was restricted,
but the difference was not marked enough to show statisfical difference.

The results of this experiment suggest that both the maternal nutrition
and fetal growth can be impaired by protein restriction during.prégnancy.
Moreover, ultrasonic energy exposure on day 4 of gestation could have adverse

effects on the growth of fetal mice, especially on the fetal cellular growth.
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Chapter VI

The Combined Effects of Ultrasonic Energy Exposure on Day 8 of Gestation and

~Protein-Deficient Diet on both Maternal and Fetal Mice

A. Results
1. Characteristics of maternal animals
a. Maternal food and caloric intakes during gestation

Data concerning daily food and caloric intakes of maternal animals
during gestation are presented in Figure 2, and the analysis of variance of
these data is presented in Appendices 5 (for food intake) and 6 (for caloric

intake) . The data clearly show that protein content in the diet had a

~

significant influence on maternal food intake during gestation, while the effect Kﬁ )
. . |8

of ultrasonic energy exposure on matgrnal food_intake was negligible. During J
the first half of pregnancy, maternal food intakes were not changed markedly as
pregnancy progressed, and differences in food intakes among groups were not
significant. When pregnancy progressed, however, there was an increase in food
intakes in all groups. The increase in food intakes was more marked in control
diet groups (groups CS and CA) than that in protein-restricted diet groups
(groups RS and RA), and this trend was maintained for the remainder of
pregnancy. Consequently; the total food intakes of the control diet groups
significantly exceeded those of the protein—restricted diet groups over the
period of the pregnahcy.

Since protein-restricted diet was isocaloric with the control diet, the
decrease in food intake due to restriction of protein cdqtent in diet resulted

in a significant reduction in caloric consumptions.
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Figure 3. Maternal body weight during gestation

lResuLts are means of 6 to 9 dams.

CS, control diet-sham irradiation; CA, control diet-actual irradiation;

RS, protein restricted diet-sham irradiation; RA, protein restricted diet-actual
irradiation

’A significant nutritional effect on maternal body weights was shown at the level
of either p < 0.05 or p < 0.01 after gestation day 8
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The analysis of variance presented in Appendices 5 and 6 shows that
neither ultrasonic energy nor its interaction with protein-deficient diet had

any effect on maternal food and caloric intakes during gestation.

b. Maternal body weight gain during gestation

There was an increase 1n maternal body weight in all groups as pregnancy
progressed (Figure 3). The general pattern of increase in mapernal.body weigh£
_consisted of minimal increase during the first half of pregnancy and a
brogressive linear fate of increase through the latter half of pregnancy.

During the‘latter half of pregﬁancy, considerable increase in maternal body
weight was observed in all groups, but this increase wés significantly lower in
low-protein diet groups than that in controls (Appendix 7). Therefore, total
body weight gain in protein-restricted diet groups was significantly lower than
that in control groups over the period of pregnancy (Table 12 and Appendix 8).

Maternal net body weight and maternal net body weight changes (both gram
and percentage) were also significantly affected by the levels of protein in
diets, and those values were low in animals fed protein-restricted diet during
gestation (Table 12 and Appendix 8).

In contrast, no interaction was observed between protein restriction and

ultrasonic energy exposure on maternal body weight gain in this experiment.

c. Weights of the uterus and its contents

Data on weights of total uterine mass and its component parts are
summarized in Table 13, and the analysis of variance of these data is presented
in Appendix 9. Although no significant effect of ultrasonic energy exposure and

its interaction with protein-restricted diet was observed on the weights of the
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Table 13

Weights of the uterus and its contents

Nutrition Control Protein-restricted
Ultrasonic Energy mrma Actual Sham Actual
Number of dams 6 8 : 9 9
Uterine Bmmmm

g v : 9.14 + 1.22 10.53 + 1.55 7.51 + 1.22 7.12 + 1.06

NbAA : 20.97 + 1.10 22.98 + 2.87 18.53 + 2.65 19.09 + 2.82
mmwﬁmmm

m*. 5.90 + 0.59 7.02 + 1.22 4.96 + 0.93 4.54 + 0.83

Nb . 13.48 + 1.01 15.19 + 2.28 12.20 + 2.05 12.17 + 2.20
Placentas

g* 0.61 + 0.02 0.65 + 0.10 0.47 + 0.08 0.48 + 0.07

Nb 1.40 + o.om 1.42 + 0.19 1.16 + 0.16 1.29 + 0.20
Uterine Tissue and MHCHamw

g* 2.64 + 0.13 2.86.+ 0.33 2.07 + 0.27 '2.12 +0.19

Nb 6.08 + 0.20 6.36 0.68 5.18 + 0.62 5.66 + 0.49

Results are means + S.E.

Total weights of uterine tissue and its contents (fetuses, placentas, and fluids)
Weights of uterine tissue and fluids after removal of fetuses and placentas
Results expressed as a percentage of total maternal body weight

*#A gignificant nutritional effect was shown at the level of p < 0.05

R o -
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uterus and its contents, some effect of protein-restricted diet on these
parameters was noted. The animals fed low-protein diet showed somewhat lower
weight of the total uterine mass than those fed control diet did,rbut the
differences among groups were not sufficiently marked to show statistical
Vsignificance. Whén the results were expressed in terms of the component parts
of the uterine mass, however, the significant diffefence in the weight of each
component pért wés observed among groups. Total weights of fetuses and
placentas from mother fed protein-restricted diet were significantly reduced
compared to those from controls. The weights of the amniotic fluid and uterus
itself were also significantly reduced by lowering the protein content in diet.
When the weights of uterus and its components were expressed as a
percentage of total maternal body'wéight on day 18 of gestation, however, there
was no significant differencebamong groups (Table 13 and Appendix 9). |
The total weights of the uterine mass and its component parts were also
calculated on a per pup basis (Tablevlé); The weight of uterine mass were
significantly reduced by lowering the protein content in diet. It was due to a
significant degrease in individual fetal weight in low-protein diet group. The
weights of placenta and uterine tissue per pup were not significantly influenced
by protein content in maternal diet (Appendix 10). In addition, there was a
noticeable change in the weights of fetﬁses, placentas, and uterine mass when
expressed on per pup basis due to ultrasonic energy exposure durlng gestation,
although the effect of ultrasonic energy exposure on these welghts were not
marked enough to show statistiqal significance at the level of PK0.05. A
certain degree of reduction in the weights of fetus, placenta, and uterine mass
was observed due to ultrasonic energy exposufern day 8 of gestation, espgcially
when the protein content in maternal diet was limited. When these data were

expressed as a percentage contribution to the total maternal weight on day 18 of



Table 14

wmﬁmwy.vwmnmsﬁmwv and uterine weights per vcvw
Nutrition ‘ Control Protein-restricted
Ultrasonic Energy Sham Actual . Sham Actual
Number of dams 6 8 9 9
Weight of uterine mass per vcﬁm
gk* v 1.52 + 0.04 1.55 + 0.03 1.47 + 0.05 1.34 + 0.04
% body smwmrnb 3.51 + 0.04 u.mw w“o.mm ~ 3.79 +0.25 3.62 + 0.12
Mean fetal weight
gFx 0.97 + 0.05  1.02 + 0.06 0.91 + 0.03' 0.82 + 0.06
% body Smwmsnb N.Nw.H 0.07 2.30 + 0.14 2.34 +0.11 2.19 + 0.15
.mes @Hmomnwmw weight
mg . 102.5 + 6.1 96.4 + 2.7 94.1 + 6.4 88.8 + 4.7
% body smwmvnb | 0.24 + 0.02 0.22 + 0.01 o.mp.& 0.02 0.24 + 0.01
Weight of uterine tissue and
" fluid per pup3
g : ©0.44 + 0.01 0.46 + 0.05 0.46 + 0.06 0.46 + 0.06
% body smwmwnb 1.03 + 0.05 1.08 + 0.15 1.22 +0.20 H.Nw.H 0.16
Fetus/placenta Aﬁm\amv 9.75 + 0.95 10.57 + 0.48 10.04 + 0.71 9.19 + 0.51

Results are means + S.E.

N

Total weights of uterine tissue and its contents divided by litter size

o

Weights of uterine tissue and fluids divided by litter size

o~

Percent contribution of individual fetal and placental weights and of the remaining uterine tissue and
fluids per pup as a percentage of maternal body weight

TN mwmnHmHONUHvscwHMnHosmH.mmmmoﬁ was shown at the level of p < 0.01
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gestation, however, no difference was observed among groups (Table 14 and
Appendix 10).
The ratios of fetal to placental weights were the same for all groups

(Table 14 and Appendix 10).

d. Characteristics of maternal liver

Data‘relating to liver weight and total coutents of lipid and protein in
maternal liver are reported in Table 15, and the analysis of Qariance of these
data are presented in Appendix 1l. ‘The liver weight of maternal animal
maintainéd on protein—deficient diet during gestation were significantly reduced
‘as compared with that of controls, but there was no effect of dietary protein
1ével on the relative weight of liver (liver weight/body weight). The
concentrations of lipids in the liver of maternal mice fed low-protein diet were
significantly higher than those of controls. Also the protein content of livers
from protein-restricted dams was significantly reduced. Accordingly, a
significant reduction in the protein to lipid ratio was observed in the
protein-restricted diet groups. The livers from animals fed protein—deficient
diet were pale or yellow in color, and they were often fragile.

Neither ultrasonic energy exposure alone nor in combination with a
protein-deficient diet had any effect on liver weight, liver weight to body
weight ratio, and lipid and protein contents in maternal liver.

The cellular parameteré of maternal liver are shown in Table 16, and the
analysis of variance of these parameters is presented in Appendix 12. Animal
fed protein-restricted diet had higher concentration of liver DNA (mg DNA/g
liver) than those fed control diet, while there was no difference in total DNA
éontent in the maternal liver (mg DNA/liver) among groups. In contrast, the

concentration of liver RNA (mg RNA/g liver) as well as the total RNA content (mg



Characteristics of maternal liver of mice

Table 15

1, 2

Control

Nutrition Protein-restricted
Ultrasoniic Energy Sham Actual Sham Actual
Number of dams 6 8 9 9
Liver weight (g)* 2.03 + 0.08 1.93 + 0.10 1.80 + 0.11 1.77 H.o.om.
Liver weight/maternal body 46.9 + 0.5 43.4 + 1.8 45.7 + 1.8 47.7 + 1.6
weight (mg/g) .
Lipids (mg/g liver)** 59.7 + 6.0 67.8 + 6.6 106.0 + 11.1 106.8 + 9.7
Protein (mg/g liver)#** 232.3 + 13.7 226.7 + 9.9 204.0 + 5.1 203.2 + 7.6
Protein/Lipids wpmm + 0.22 3.49 + 0.22 2.05 + 0.16 2.00 + 0.15
- (mg/mg)**
1

Results are means + S.E.

NZmn weight basis

*A significant nutritional effect was shown at the level of p < 0.05

*%A significant nutritional effect was shown at the level of p < 0.01



Cellular parameters of maternal liver of mice

Hmvwm.wm

1, 2

Results are means + S.E.

NSmn weight basis

*A significant nutritional effect %mm shown at the level of p < 0.05

*%A gsignificant nutritional effect was shown at the level of p < 0.01

Nutrition , Control Protein-restricted
Ultrasonic Energy Sham Actual Sham Actual
Number of dams 6 8 9

DNA (mg/liver) . 6.83 + 0.34 6.45 + 0.34 6.65 + 0.46 6.61 + 0.48
,uz> (mg/g liver)* R 3.36 + 0.11 3.24 + 0.12 3.71 + 0.17 3.67 + 0.21
RNA (mg/liver) 16.08 + 1.11 15.11 + 1.02 14.37 + 0.95 13.60 + 0.56
wz> (mg/g liver) . 7.88 +0.31 7.81 + 0.24 7.97 + 0.15 7.68 + 0.27
wz>\uz>,ﬁam\smv maum,w 0.06 2.43 + 0.10 2.18 + 0.12 2.13 + 0.13
mﬁonmws\UZP.ABm\amv*» : 69.38 + 4.55 70.37 + 2.98 55.55 + 1.90 56.60 + 4.10
Protein/RNA (mg/mg)* | 29.52 + 1.38 28.99 + 0.73 NmMmo + 0.86 26.82 + 1.59
ﬁwﬁwmxuz»‘ABm\amv*» 17.94 + 2.11 21.18 + 2.41 28.41 + 2.37 29.55 + 2.94
1
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RNA/liver) in the liver did not.differ among groups. Although no difference in
the amount of RNA pér cell (RNA/DNA ratio) was observed among groups, the
relative cellular protein (protein/DNA ratio) and lipid (lipid/DNA ratio)
contents in liver were significantly affected by the level of protein in diet.
The protein-deficient diet caused a decrease in cellular protein contents in
maternal liver but an increase in its cellular lipid content. The reduced
ratios of protein to RNA contents in liver were also observed in
protein-restricted diet groups compared with those in control‘groups.

No significant effect of ultrsonic energy exposure and its interaction
with protein—deficient diet waé observed on any parameters tested for cellular

changes in maternal liver.

2. Gestational performance

Table 17 and Appéndix 13 show the adverse effegt of protein-restricted
diet on gestational performance as measured by the parameters reported in this
experiment, although there was little effect of ultrasonic energy exposure or
its interaction with protein-restricted diet on these parameters. A decrease in
dietary protein content resulted in an increase in fhe number of -resorption
sites per dam, but it did not affect the litter size.v When ‘data were expressed
in terms of percentage of implantation, however, both percentage resorptions and
percentage litters of implantations were markedly affected by protein level in
diet. The percentage resorptions and percentage implantations here |
significantly increased and decreased, respectively, due to protein~reétricted

diet.
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3. Fetal body composition and cellular growth

On the 18th day of gestation, the fetal body composition did not differ
significantly among groups (Table 18 and Appendix 14) . However,
protein—deficient diet during geétation had a significant adverse effect on
fetal cellular growth (Table 19 and Appendix 15). Total DNA, RNA, and protein
contents of fetus from the mother fed protein—deficient diet were significantly
less than those of controls. Moreover, the fetal contents of DNA, RNA, and
protein were somewhat reduced due to ultrasonic energy exposure when.dietary
protein was restricted{'although_the reduction was not marked enough to show
statistical significance at the level of P<0.05. No difference among groups was
observed in protein/DNA, weight/DNA, RNA/DNA, and protein/DNA ratios in fetus.

In the examination of skeletons of fetuses on day 18 of gestation, some
adverse effects of protein-restricted diet and/or ultrasonic energy exposure
were observed on the number of missing ossification sites, but the difference
among groups was not marked enough to show statistical significance at the level

of P<0.05 (Table 19 and Appendix 15).

4, Placental cellular growth

While either ultrasonic energy or its interaction with protein-deficient
diet had little influence on parameters tested for placental cellular growth,
the protein-deficient diet had a significant adverse effect on some of the
parameters measured in this experiment (Table 20 and Appendix 16). Total
protein and RNA contents of placenta from animals fed protein-restricted diets
during gestation were significantly reduced compared wiﬁh those from animals fed
control diets.A‘In addition, placental RNA content was somewhat reduced due to

ultrasonic energy exposure during gestation, but the reduction was not marked
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enough to show statistical significance. The placental DNA content was also
decreased by protein-restricted diet and/or ultrasonic energy exposure, although
the effects of these two stresses on placental DNA content were not:
statistically significant.

The ratios of weight to‘DNA,'protein to DNA, protein to RNA, and RNA to

DNA were not significantly different among groups.

5. Relationship between maternal nutritional status and fetal growth

Correlation between parameters measured for maternal nutritional status
and fetal growth are presented in Table 21. While maternal net body weight gain
.as well as maternal liver weight were not correlated with fetal weight, a
positive correlation was obtained between maternal total weight gain and fetal
weight . The maternal liver protein content was also positively correlated with

fetal protein content on day 18 of gestation.

6. Relationship between maternal nutritional status and placental growth

There was no correlation between placental growth and any parameters
measured as indicative of maternal nutritional status in this experiment (Table

22).

7. Relationship betwéen fetal growth and placental growth

On day 18 of gestation, there was a positive correlation betwéen
placental protein/DNA rafio and fetal protein/DNA ratio (Table 23). However, mno
felationship was observed between placental and fetal contents of protein, DNA,
and RNA. No statistically significant relationship was revealed between

placental weight and fetal weight.
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B. Discussion

In the pregent experiment, a significant reduction in daiiy food intake -
of pregnant animal was observed with a lowered protein'cﬁﬁtent of the diet.

This finding was noted by other inVestigator in studies with the rhesus monkey,
swine, and the rat (Berg, 1967; Kohrs, EE.il'; 1976; Pond, gE_gl,, 1968).
However, protein-deficient diets do not always have the effect of -decreasing
total food intake, and other investigators (Zamenhof, et al., 1971; Zeman, 1967)
report no significant difference in food intake between éoﬁtroi and
protein—déficient diet groups during gestation. Since we observed a significant
reduction in maternal food intake in pfotein—deficient diet groups during
gestation, it can be concluded that the protein-deficient diet had the effect of
producing deficits of calories.as well as all other dietary nutrients.

The reduced Body weight gain of maternal mice was observed in
low-protein diet group over the period of gestation. Tﬁe'poOr weight gain is
likely due to the reduced total food intake (including that of total daily
protein and caloric consumptions), which in turn was caused by the low-protein
diet. The reduced maternal body weight gain of the protein-restricted diet
group was accompanied by the reductions in maternal net weight gain and the
weights of uterus and its component parts, such as fetuses, placentas, and
amniotic fluid and uterine tissue itself. These findings are comparable to
those in previous study (Hasting-Roberts and Zeman, 1977), where the effect of
protein—-deficient diet during pregnancy on maternal body weight and weights of
the products of conception were investigated in the rat. They fed pregnant rats
either control (24% casein diet) or protein—restricted diet (4% casein diet),
and found a significant low food intake, net loss of maternal body weight,
reduced uterine‘tissue weight, and smaller plécentas»and fetuses due to protein

deprivation in maternal diet during gestation.
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In view of the significant reduction in maternal liver weight in animals
fed proﬁein—deficient diet during gestation, it appeers that mate;nal tissue was
used to compensate for deficite of celories and perhaps other dietary nutrients.
Moreover, the absence of a significant diffefences in the ratio of liver weight
to body weight among groups indicates the proportionai decreasevin liver weight
to body weight. A significant impact of protein—deficient diet on the chemical
composition of the maternal liver was also found in this experiment. The lipid
content was higher in the liver of animals fed protein-deficient diet than in
control animals, while liver protein content was reduced in animals fed
protein—deficient diet.

The significant reduction of liver protein conteﬁt in the animal fed
protein—deficient diet could be possibly explained by labile cytoplasmic
proteins in the liver which could fall in quantity when dietary protein is
restricted (Muramatsu, et al., 1962; Wainio, et al., 1959). These lebile
proteins would contribute amino acid to the metabolic pool for protein anabolism
during pregnancy. In addition, the results of this experiment also indieate
that protein anabolism in liver was also influenced by the protein content in
~diet. When pregnant mice were fed low-protein diet during gestation, there was
a reduction in protein/RNA ratio, indicating a decfease in the quality of
ribosomes (degrading polysomes into monosomes) as well as amino acid supply.

On the other hand, liver lipid accumulation found in low-protein diet
group might be partly attributed to interference with the intracellular
metabolism of lipids, since impeirment of lipid transport due to decreased
synthesis of the protein portion of the lipoprotein molecule has been suggested
as a possible cause for fatty liver in the case of protein deficiency (Flores,
gg_glt, 1979; Seakins and Waterlow, 1972; Truswell, et al., 1969).

When the data were expressed in terms of relative amounts of lipid and
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protein per cell (lipid/DNA and protein/DNA), it became evident that animals fed
protein—festricted diet had an increased cellular content of lipid but a
decreaéed protein content per cell.

| The results also_indicate that the level of protein in diet dufing'
gestation can cause cellular changes in maternal liver. Pregnant animai fed
low-protein diet during gestation had an increased concentration of liver DNA
(DNA/g liver), but the total DNA content in liver (DNA/liver) was not changed in
this animal. These results suggest that mice fed protein-deficient diet had
smaller size of liver cells than the controls, but cell number was not éffected
by lowering pro;ein content in diet during pregnancy.

The data on gestational performance of the dam indicate a pronounced
effect of protein-deficient diet on the maintenance of pregnahcy as measured by
significant increases in number of resorptions per dam and percent resorptions
of implantations and significant decrease in percent litters of implantgtions.
However, such results differ fromvthbse reported by Zemam (1967), who fed
pregnant rats either 24 or 6% casein diet, and found normal maintenance of
pregnancy in the rats fed protein-restricted diet. This apparent discrepancy
found in gestational performance between two studies can be.explained by either
species difference (mice vs. rats) or significant reduction in food intake in
protein~restricted animals in our study. Zeman (1967) used rats as an
experimental animal model and was not able to find significant difference in
food intake between control and.protein—réstricted groups, SO that the
additional effects of restricted calorie and other nutrients on gestational
performance were eliminated in this study. Therefore, it éan:be concluded that
‘the impact of protein restriction on gestational performance of animals might
.differ from one species ﬁo another, and reduction in food intake during

pregnancy is an important factor in maintaining pregnancy.
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The result of average fetal weight measurements is in'agreement with
those of other investigators (Nelson and Evans, 1953; Zeman, 1967). The
restriction of protein content in diet during pregnancy in‘mice r;sulted in the
production of young which had a lower body weight than cOntroi on day 18 of
gestation. Further, the proportional reduction in fetal body size was indicated
in this experiment, since no_significanf differences were observed in percent
fetal body composition between protein-restricted and control groups.

The results of this experiment also indicated the criﬁical‘need for
dietary protein dﬁring gestation for fetal and placental cellular growth. A
comparison of DNA contents in the fetuses of control and‘protein—deficient
animals indicates that there are fewer cells in the fetus from protein deficient
animal than those from control. However, there was no change in cell size of
fetus, as indicated by either weight/DNA or brotein/DNA, between
protein-restricted and control animals. Moreover, the amount of protein found
in fetus was also decreased with decreased level of protein in maternal diet
during gestation. Since a significant reduction in fetal content but no change
in protein/RNA were observed in this experiment, it can be assumed that a
decrease in the fetal RNA content is.responsible for the reduction in fetal
protein content found in protein-restricted group. While there was no
significant difference in averge placental weight and DNA content of placenta
among groups, the decrease in both protein and RNA contents in placenta was the
same as that observed in fetus when pregnant mice were fed protein-restricted
diet. Thesé resulté emphasize the importance of protein content in mafernal
diet during pregnancy for normal cellular growth of both the fetus and placenta.

Although it is generally assumed that nutritional needs for fetal growth
can be provided at the expense of the méternal organism, our present study

showed positive correlation between maternal liver protein content and fetal
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protein content. This result suggests that competition for available nutrients
-might exist between the fetus and its mother under our experimental condition,
and thus significant adverse effects of nutritional deficiency during pregnancy
could occur on both maternal and fetal organisms when the nurients are in short
supply. it has also been in&icatedbthat ﬁhe'trends of fetal growth and plcental
growth are in the same general direction. Results from this study support for
this idea. A significant positive correlation between placental protein/DNA
ratio and fetal protein/DNA ratio was noted. On the other handno difference in
the ratio of fetal weight to placental weight among groups was found.

Qur experimental data also suggest that there are possible risks of
ultrasonic‘enérgy ekposure to the fetal and placental organisms. The tendency .
toward a decreased fetal and placental weights on day 18 of gestation was
noticeable with ultrasonic energy exposure, especially when protein content was
iiﬁited in maternal diet during gestation. The trends for the differences in
the DNA and RNA contents of both fetus and placenta were similar to the trends
observed for weights of these products of conception. However, the difference
was not marked enough to show statistical significance. A larger number of

“animals might be necessary to reveal statistically significant differences, but
the important point is that abnormal growth of both the fetus and placenta could
result from ultrasonic energy exposure during prenatal period. Adverse effects
of ultrasonic energy exposure on fetal and placental organisms may arise from
degradation of biological molecules and deStructipn of cell and cell organelles

(0'Brien, et al., 1972).
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Chapter VII

Summary

The influence of dietary protein and fat levels on fetal growth in mice
was investigated in Experiment 1 to standardize the control diet which would
be used in the following experiments. The results of Experiment 1 indicated
that both the dietary protein and fat levels significantly influence fetal
growth of LAF1/J mice. In addition, dietary fat influenced p?otein utilization
pf these mice. Optimal fetal growth was obtained with the diet containing 20%
casein with 15% fat as indicated by increased fetal protein, DNA, and RNA
contents. Normal maternal liver lipid content in the 207% protein and 15% fat
diet also indicates that this diet is optimal for reﬁroductive performance of
LAF1/J mice.

EXperiments 2 and 3 were performed to determine the adverse effects of
ultrasonic energy and/or protein-deficient diet on maternal and fetal mice. The
results of these experiments suggest that the maternal nutrition and fetal and
placental growths can be impaired by protein restriction in diet during
pregnancy. Although it is generally assumed that nutritional needs for fetal
growth can be provided at the expense of the maternal organism, the results 6f
these experiments suggest that competition for available nutrients might exist
between the fetus and its mother uﬁder our experimental condition, and thus
significant adverse effects of nutritional deficiency during pregnancy could
occur on both maternal and fetal organisms when the nutrients are in short
supply. It has also been indicated that the trends of fetal and placental
growth are in same general direction.

Moreover, our experimental data also suggest that there are possible

.risks of ultrasonic energy exposure to the fetal and placental organisms, as
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indicated by the tendency toward a decreased fetal weight, placental weight, and -
DNA and RNA contents of both fetus and placenté,.especially when protein content

was limited in maternal diet during gestation.
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