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Abstract

Substantial literature indicates that maternal diabetes has teratogenic effects on the fetus
and that consumption of alcohol during gestation is also teratogenic to the fetus. In the
present study, Sprague-Dawley female rats were used to test whether small amounts of
alcohol administered during organogenesis has an effect on the outcome of pregnancy in
nondiabetic rats; to confirm the teratogenic effect of diabetes on fetuses; and to establish
whether there is an interaction between alcohol and diabetes on the outcome of pregnancy.
All rats were fed Purina rat chow and tap water ad libitum. Diabetes was induced by tail
vein administration of streptozotocin (60 mg/kg body weight) one week before mating.
Alcohol was administered during organogenesis (days 6-11 of gestation) intragastrically.
The incidence and types of external and skeletal malformations were recorded in the
fetuses of all treatment groups on day 21 of gestation. In addition, the fetal development
was followed by assessing the ossification of the skeleton on gestational day 21 with the
aid of alizarin red S and alcian blue 8GS staining.
The results of this investigation support the view of previous studies that maternal
diabetes is teratogenic to the offspring in terms of significantly increased malformation
rates, and retarded fetal development (smaller fetal weight, bigger placenta, and retarded
skeletal ossification compared to controls).
Consumption of a small amount of alcohol (2g/kg/day) during organogenesis (days
6-11 of gestation) did not seem to intoxicate the dams, the body weight gain was at
a normal rate, and there was a bigger fetal/placental ratio compared to controls. In
terms of skeletal development, alcohol exposure seemed to enhance bone development.
However, there were a few fetuses with absence of ossification centers in the hyoid bone
11

and the short 13th rib which were significantly different from other treatment groups.
Whether this represents retarded skeletal development is not clear.
In the present study, a significant interaction between maternal diabetes and alcohol
administration during organogenesis was observed. The fetal external malformation rate
was significantly increased in diabetic rats exposed to alcohol compared to diabetic rats

not exposed to alcohol. Furthermore, more fetuses had poorly ossified thoracic vertebral
centers, poorly ossified cervical arches, and poorly ossified supraoccipital bone in diabetic
rats exposed to alcohol than in diabetic rats not exposed to alcohol. These observations
suggest that a small amount of alcohol consumption during organogenesis could possibly
exacerbate the embryotoxic effects of maternal diabetes.
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Chapter 1

Introduction

1.1

Evidence that alcohol is teratogenic

The potential for damage to the offspring from prenatal alcohol exposure is now well
established. A link between alcohol and birth defects had been strongly suspected since
the 1700s, with early scientific evidence gradually being accumulated during the 19th
and early 20th centuries (Warner and Rosett, 1975).
In 1973, Jones et al. (l973a; 1973b) rediscovered an effect of alcohol on morpho
genesis. In their two original articles, 11 cases were reported and these 11 children, all
raised in a fetal environment provided by an alcoholic mother, had a similar pattern of
craniofacial, limb and cardiovascular defects with prenatal-onset growth deficiency and
developmental delay. They named this condition “fetal alcohol syndrome”. The charac
terization of “fetal alcohol syndrome” by Jones et al. stimulated a great deal of research
both in humans and laboratory animals.
1.1.1

Studies in humans

Within a few years after the original reports by Jones et al., several hundred case reports
(Clarren and Smith, 1978) were published in the medical literature of many countries.
A great deal of evidence supports the view that exposure to ethanol during gestation is
associated with a variety of negative outcomes including perinatal death, compromised
growth, and behavioral deficits. Fetal alcohol syndrome, the most severe end of the
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spectrum of effects of alcohol on the fetus, has been reported around the world with a
frequency of one to three per 1,000 births based on local reports from various U.S. and
European studies. Abel and Sokol, basing their estimate on 20 studies from Australia,
Europe, and North America, found a worldwide incidence of 1.9 cases of FAS per 1,000
live births (Warren and Bast, 1988). It has been calculated that approximately 5% of
all congenital anomalies may be attributable to prenatal alcohol exposure (Sokol et al.,
1986).
However, not all affected infants present the full clinical picture at birth. Along
the rest of the continuum toward normal are persons with every subcombination of fetalalcohol-syndrome anomalies. Each anomaly can independently vary in severity and grade
into the normal range (Clarren and Smith, 1978). The abnormalities most typically
associated with alcohol teratogenicity can be grouped into four categories: central nervous
system dysfunctions; growth deficiencies; a characteristic cluster of facial abnormalities;
and variable major and minor malformations. Tables 1.1 & 1.2 show the frequency of
specific malformations within each category (Clarren and Smith, 1978).
The variability of phenotype probably results from variations in dose exposure and
gestational timing offset by the genetic background of the individual fetus. Nearly all
patients recognized as having the full fetal-alcohol-syndrome phenotype have been born to
heavy daily alcohol users or relatively frequent intermittent heavy alcohol users (Clarren
and Smith, 1978).
The critical amount of maternal alcohol intake needed during pregnancy to produce
adverse fetal effects has not been definitely established. However, a definite risk has been
established with an oral maternal intake of 9Oml (3oz) absolute alcohol (6 average-sized
drinks) per day during pregnancy. This consumption level was derived from animal stud
ies by noting the minimum blood alcohol concentration (73mg/lOOmi in mice) responsible
for a teratological effect. The amount of alcohol consumption necessary to achieve that

3
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Table 1.1: Principal Features of the Fetal Alcohol Syndrome Observed in 245 People
Affected
FEATURE
Central-nervous-system
dysfunction:
Intellectual
Neurologic
Behavioral

Growth deficiency:
Prenatal
Postnatal

Facial characteristics:
Eyes
Nose
Maxilla
Mouth

MANIFESTATION

Mild to moderate mental retardation*
Micro cephaly*
Poor co-ordination, hypotoniaf
Irritability in infancy*
Hyperactivity in childhoodf

<2 SD for length & weight*
<2 SD for length &‘ weight*
Disproportionately diminished
adipose tissuef

Short palpebral fissures*
Short, upturned
Hypoplastic philtrum*
Hypoplasticf
Thinned upper vermilion*
Retrognathia in infancy*
Micrognathia or relative prognathia
in adolescencef

Feature seen in> 80% of patients.
f Feature seen in> 50% of patients.
Source: Clarren, S.K., and Smith, D.W. The fetal alcohol syndrome.
N. Engi. J. Med. 298: 1063-1067, 1978.
*
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Table 1.2: Associated Features of the Fetal Alcohol Syndrome Observed in 245 People
Affected
AREA

FREQUENT*

OCCASTONAL$

Eyes

Ptosis, strabismus,
epicanthal folds

Myopia, clinical microph
thalmia, blepharophimosis

Ears

Posterior rotation

Poorly formed concha

Mouth

Prominent lateral
palatine ridges

Cleft lip or cleft palate,
small teeth with faulty enamel

Cardiac

Murmurs, especially
in early childhood,
usually atrial
septal defect

Ventricular septal defect,
great-vessel anomalies,
tetralogy of Fallot

Renogenital

Labial hypoplasia

Hypospadias, small rotated
kidneys, hydronephrosis

Cutaneous

Hemangiomas

Hirsutism in infancy

Skeletal

Aberrant palmar
creases, pectus
excavatum

Limited joint movements,
especially fingers & elbows,
nail hypoplasia, especially 5th,
polydactyly, radioulnar synostosis
pectus carinatum, bifid xiphoid,
Klippel-Feil anomaly, scoliosis

Muscular

Hernias of diaphragm, umbilicus
or groin, diastasis recti

Reported in between 26 & 50% of patients.
f Reported in between 1 & 25% of patients.
Source: Clarren, S.K., and Smith, D.W. The fetal alcohol syndrome.
N. Engi. J. Med. 298: 1063-1067, 1978.

*
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blood alcohol concentration in a 130 lb. woman for a period of 6-8 hours was calculated
to be 90m1 of absolute alcohol (Maykut, 1979). Although confirmatory evidence is not
yet available, it has been suggested that a continuum of fetal alcohol effects ranging from
the normal state to abnormalities in growth and intellectual performance to congenital
malformations occurs with increasing intake of alcohol (Maykut, 1979).
The period during pregnancy when alcohol is imbibed may be another determining
factor in producing morphologic changes. It has been suggested that the first 3-4k months
of gestation may be the critical period for producing birth defects since rapid organ
cell differentiation (e.g., brain, heart, eyes) occurs at this time. Intrauterine growth
retardation may be exacerbated by alcohol consumption in later pregnancy (Maykut,
1979).
In addition, the effects of maternal alcohol exposure on the fetus may be related
to the peak blood alcohol concentration, which varies from individual to individual. It
has been noticed that there are racial differences in the rate of alcohol metabolism and
also, alcohol metabolism may vary with age. Thus the variability of observed symptoms
is probably due to differences in dose exposure at various gestational periods offset by
genetic background of the particular fetus (Maykut, 1979).
1.1.2

Studies in animals

Animal studies and the development of appropriate animal models have provided a wealth
of information about the effects of gestational alcohol exposure (Driscoll et al., 1990).
Animal models are particularly important because of the opportunity to control for fac
tors seldom accounted for in human studies (including control of timing and dose of
alcohol exposure, control of nutrition through pair-fed controls, control of the postnatal
environment through cross-fostering, and consideration of individual differences through
cross-strain comparisons). Extensive animal studies have now demonstrated the specific
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teratogenic properties of ethyl alcohol in several species of animals, with many of the ab
normalities being similar to those found in man (Clarren and Smith, 1978). The mouse
(Chernoff, 1975; Randall et al., 1977), guinea pig (Papara-Nicholson and Telford, 1957),
beagle dog (Ellis and Pick, 1976), rat (Sandor and Amels, 1971; Tze and Lee, 1975), and
pigtail macaque (Elton and Wilson, 1977) are among the many species that have been
studied as models for the teratogenicity of alcohol.
Decreased birth weight and litter size in offspring of alcohol-fed mice and rats have
been found by many investigators (Chernoff, 1975; Martin et al., 1977b; Tze and Lee,
1975), although not by all (Sandor and Amels, 1971; Weathersbee and Lodge, 1978).
Many morphological effects are also found, but these are not consistent across species.
In the mouse, illvestigators have produced eye defects, cardiac and neural abnormalities,
digit anomalies, and cardiovascular, urogenital, and head malformations by administering
large doses of alcohol summarized by Streissguth, et al. (1980). In the rat, microcephaly
and a shrivelled appearance have been noted by Tze and Lee (1975). However, apparent
malformations were not observed in ethanol treated rats by many other researchers (Abel
and Dintcheff, 1978a; Abel, 1978b; Abel, 1979a; Lee and Leichter, 1983; Testar et al.,
1986).
Methodological differences among experiments of the time period during gestation
when alcohol is administered, the dose, the route of administration, and the strain of
animal used may contribute to the difficulties encountered in reproducing experimental
results (Streissguth et al., 1980). The three commonly employed methods to administer
alcohol are: placing alcohol in drinking water, oral intubation and liquid diet.
Ideally, potential teratogens should be administered to animals by the same route that
exposure occurs in humans. For alcohol, the most obvious choice is the oral route. The
simplest approach would be to place alcohol in the animal’s drinking water. However,
this method has several disadvantages. First, it produces only low blood alcohol levels,
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and it is the blood alcohol level, not the daily dose of alcohol administered, that appears
to be important in producing fetal alcohol effects, since studies in different strains of mice
have shown that prenatal death, malformations, and fetal weights were directly related
to maternal blood alcohol levels (Chernoff, 1980). Second, animals usually reduce their
fluid intake when the only fluid available is alcohol and, as a consequence, their food
intake is also reduced, introducing suboptimal nutrition as a possible confounding factor
(Rilely and Meyer, 1984).
To overcome these major defects, Testar et al. (1986) used a modified procedure
for oral administration of alcohol. In their study, increasing amounts of ethanol were
introduced into drinking water during the premating period and 25% ethanol in drinking
water was offered during gestation in rats. Total energy intake in the alcohol group
did not differ from that of controls, either before or during gestation, and this balance
was produced by the progressive increment in alcohol derived calories and the correlated
decrease in calories derived from food. During pregnancy, ethanol provided more than
30% of the total calories ingested by the rats. At the 21st day of gestation, the maternal
blood alcohol concentration was 147 ± l8mg/dl.
In the liquid diet method, alcohol is mixed with a liquid diet and the mixture is pro
vided as the animal’s only source of calories. Presumably this method is nontraumatic to
the animal, and is easy to administer. Theoretically, nutritional intake can be controlled
and high blood alcohol levels can be achieved and maintained. Typically, in the rat, a diet
providing 35% of the animal’s daily caloric intake in the form of alcohol is administered
during pregnancy. Blood alcohol levels (BAL) of over lOOmg/dl are achieved during a
substantial portion of the dark cycle when the rats consume the majority of their daily
intake (Driscoll et al., 1990).
Disadvantages are that animals in the same group do not all consume the same amount
of alcohol and their temporal patterns of intake also differ. Both factors influence blood
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alcohol levels and are not under the experimenter’s control. Furthermore, diets that differ
in nutritional composition might produce different blood alcohol levels even though they
contain the same concentration and percent ethanol derived calories and the animals
consume about the same daily dose of ethanol. For example, in a study by Wiener et
al. (1981) two diets differing in protein content, but containing the same concentration
of ethanol, were consumed in fairly similar amounts by pregnant rats. However, the
animals on the diet with higher levels of protein achieved blood alcohol levels only about
half as high as those on the diet lower in protein. Thus, even though animals are selfadministering the same daily dose of ethanol, this does not necessarily ensure equal blood
alcohol levels when the nutritional composition of the diet differs. This problem was also
encountered by Vavrousek-Jakuba et al. (1991). Since blood alcohol level appears to be
critical in producing fetal alcohol effects, interpreting data in terms of the daily dose of
ethanol consumed may lead to erroneous conclusion.
For oral intubation, the alcohol is mixed with a vehicle and administered directly to
the stomach via a tube. The primary advantage of the intubation procedure is that the
researcher has control over the dose of alcohol and time of administration. Each animal
receives the same dose, at the same time, high blood alcohol levels can be obtained, but
are transient. In rats, the doses administered are generally 4 to 8g/kg/day. Following
intubation, peak BALs are often well over 200mg/di and rats are obviously intoxicated
(Driscoll et al., 1990).
Disadvantages of this method are that intubation is probably stressful and involves
daily handling of the dam, possibly confounding the results. Also, the concentration of
alcohol and volume administered must be considered because of the potentially irritating
properties of high concentrations of alcohol and the effects of volume on absorption (Rilely
and Meyer, 1984).
Again, due to differences in metabolism among species, the BAL, rather than the
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absolute dose of alcohol, provides a more meaningful estimate of compound bioavailability
(Driscoll et al., 1990; Kumar, 1982).
The following studies reviewed were based on different methodologies. In Lee and
Leichter’s study (1983), Sprague-Dawley rats received 10% ethanol (v/v) in drinking
water for one week, 20% ethanol in drinking water for another 4 weeks before mating
and 30% ethanol in drinking water throughout gestation. The mean serum alcohol level
of these rats was 61 ± 23mg%. They found the litter size and birth weight were lower in
the rats of alcohol group than in the rats of both pair-fed and control groups.
In the study by Testar et al. (1986), Wistar rats were given alcohol in the drinking
fluid. Before mating, the rats were given 10% ethanol in drinking fluid for one week, 15%
for the second week, 20% for the third, and 25% for the fourth week. After mating, they
were given 25% ethanol throughout gestation. The ethanol calories comprised over 30%
of the total energy intake during pregnancy. Ethanol intake during pregnancy was more
than lOg/kg/day. At the 21st day of gestation, rats on ethanol had blood alcohol levels
of 147±l8mg/di. There was a reduction in litter size and fetal weight in the ethanol
group, but this was also found in pair-fed group. However, the fetal body length was
reduced only in the ethanol group.
In studies using a liquid diet as the source of alcohol, ethanol provided 36% of total
calories in almost every study. In the study by Weinberg et al. (1990), Sprague-Dawley
rats were given liquid diet throughout gestation, the blood alcohol level reached 145 to
l9omg/dl. They found a significantly lowered fetal weight in alcohol-exposed fetuses
than in either pair-fed or ad libitum control fetuses.
In Abel’s three consecutive studies (Abel and Dintcheff, 1978a; Abel, 1978b; Abel,
1979a) alcohol was given by stomach tube throughout gestation. In these studies, four
different doses were used (1.0, 2.0, 4.0, and 6.Og/kg/day of ethanol). The peak blood
alcohol levels produced by 2.0, 4.0, and 6.Og/kg doses were 8Omg/lOOml, 150 ± 15 and

Chapter 1. Introduction

10

resulted in a reduc
267 ± l9mg/lOOmi, respectively. The lower doses of 1.0 and 2.Og/kg,
d control groups,
tion in litter size and litter weights in both ethanol treated and pair-fe
l groups was not sig
but the difference between the ethanol treated and pair-fed contro
not litter size was
nificant. With the higher doses of 4.0 and 6.Og/kg, litter weight, but
litter weight at birth
reduced in ethanol-treated groups. Also, a dose-related reduction in
was observed.

litter size in ethanol
In summary, most studies found a reduced litter weight and/or
treated rats, but no apparent gross malformations were observed.
animals, many re
With respect to the findings in placental weight of alcohol treated
increased placental
searchers found a reduced fetal weight in ethanol treated rats, but an
have reported vari
weight (Aufrere and Lebourhis, 1987; Weinberg et al., 1990). Others
In alcoholic women,
ations in placental mass, but their observations are not all similar.
re and Lebourhis,
an increase in placental mass was noticed by Kaminski et al. (Aufre
reported (Fisher et al.,
1987) and in both mice and rats, a similar observation has been
1981; Leichter and Lee,
1985; Gordon et al., 1985; Henderson et aL, 1981; Jones et al.,
1979b; Chernoff, 1977;
1984). However, in some cases, no change was reported (Abel,
occurred (Aufrere
Nelson et al., 1985), whereas in others a decrease in placental weight
1984). These discrep
and Lebourhis, 1987; Greizerstein and Aldrich, 1983; Kennedy,
ons used, including
ancies can be explained by differences in the experimental conditi
intoxication is severe
BAL, duration of intoxication and stage of pregnancy. Indeed, if
se in placental weight is
and takes place during the last two-thirds of pregnancy, a decrea
1983; Kennedy, 1984).
observed (Aufrere and Lebourhis, 1987; Greizerstein and Aldrich,
of pregnancy, placental
Conversely, if intoxication takes place during the first one-third
et al., 1981; Jones
weight is increased (Fisher et al., 1985; Gordon et al., 1985; Henderson
et al., 1981).
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Evidence that diabetes is teratogenic

1.2

The first six decades of the insulin era clearly established that most, if not all, of the
perinatal complications of pregnancies caused by diabetes are linked to faulty regulation
of maternal metabolism and that they can be diminished by rigorous diabetes manage
ment (Freinkel, 1980). However, careful retrospective analyses disclosed that the 3- to 6fold increase in the incidence of birth defects had not been attenuated to any meaningful
extent (Freinkel, 1988).
1.2.1

Studies in humans

The association between diabetes mellitus in women and congenital malformations in
their offspring has been suspected since the nineteenth century. Tn 1885, LeCorché re
ported hydrocephalus in two infants of diabetic mothers. The prognosis for pregnant
diabetic women prior to the discovery of insulin was poor, and few women delivered
successfully (Mills, 1982).
It was not until better control of hyperglycemia, close monitoring in the last months
of pregnancy, and early delivery for fetal distress were instituted that salvage rates in
diabetic pregnancies improved substantially. At this point, the full impact of congenital
malformations was appreciated (Mills, 1982).
The definitive clinical observations on the increased incidence of congenital fetal
malformations in diabetic pregnancy were not made until 1964 by Moisted-Pedersen,
Tygstrup and Pedersen (1964). These observations were later confirmed in many cen
ters, both retrospectively (Glasgow et al., 1979; Kucera, 1971; Malins, 1979; Pedersen,
1977; Soler et al., 1976) and prospectively (Cluing and Myrianthopoules, 1975). Most
studies have shown that there is unquestionably an increased incidence of major congen
ital abnormalities in the infants of diabetic mothers (1988).
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Epidemiological data indicate that the risk of congenital malformations in diabetic
pregnancies is three to four times higher than that in the nondiabetic population (Baird
and Aerts, 1987; Eriksson, 1984a; Kitzmiller et al., 1978; Kucera, 1971; Mills, 1982;
Moisted-Pedersen, 1980; Pedersen, 1979; Simpson et al., 1983; Soler et al., 1976), and
the malformations affect all fetal organ systems (Kucera, 1971).
Diabetes in pregnancy is associated with a number of changes in embryo-fetal de
velopment such as altered growth rate and maturation of several organ systems and an
increased rate of congenital malformation (Eriksson et al., 1989a).
Most studies show a generalized increase in malformations involving multiple organ
systems. These include cardiovascular, genitourinary, musculoskeletal, and other mal
formations (Mills, 1982). Nevertheless, no single study has contained enough cases to
determine whether or not the risk for each specific defect is significantly increased in
diabetic pregnancies compared to the nondiabetic population.
Kucera (1971) tried to estimate relative risks using data from available literature for
the 20 year period from 1945 through 1965. He reviewed data on 7,101 fetuses of diabetic
women, of which 340 fetuses showed anomalies (4.79%). This series was then compared
with a normal “control” group obtained from WHO data with a total of 431,764 fetuses.
This control group had 7,124 malformations (0.65%). He found a higher incidence of
anomalies in the offspring of diabetic women. Spinal anomalies, situs viscerum inver
sus, gross skeletal anomalies, pseudohermaphroditism, urological anomalies, and heart
anomalies are all significantly more frequent in fetuses of diabetic pregnancies.

One

syndrome which seems particularly strongly associated with diabetes is the caudal re
gression syndrome. Caudal regression is a condition in which agenesis or hypoplasia of
the femorae occurs in conjunction with agenesis of the lower vertebrae. It is very rare in
the general population (Mills, 1982). Kucera (1971) found 9 cases with this syndrome in
7,101 infants of diabetic mothers.
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Table 3.4: Breeding and pregnancy rates of animals in each treatment group
Group
1
2
4
3
No of rats initially
10
9
18
13
No of rats that bred
9
10
16
13
Breeding rate (%)
100
93.5
8 111)
8C
No of rats with live fetuses
9
Pregnancy rate (%)
100 90 68.8
61.5
No of rats excluded from study
0
2
7
5
Group 1: Non-diabetic on water
Group 2: Non-diabetic on alcohol
Group 3: Diabetic on water
Group 4: Diabetic on alcohol
Breeding rate and pregnancy rate were not significantly different
among groups
Excluded rats:
a
Group 2: 1 not pregnant and 1 had one resorption but no
live fetus on day 21
bGroup 3: 2 not bred, 5 not pregnant on day 21
cGroup 4: 5 not pregnant on day 21

interactions were observed, p<O.Ol).

3.2

Reproductive performance

There was no apparent difference between diabetic and nondiabetic rats in the proportion
of animals with positive breeding (number of vaginal plugs). However, not all rats which
had plugs subsequently produced litters. There was a trend that more diabetic rats
with plugs failed to produce litters than was the case for nondiabetic animals, although
the difference among groups was not statistically significant. Only rats containing live
fetuses at autopsy were included in this study and subjected to subsequent examinations
(table 3.4).
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Body weight and weight gain of dams during pregnancy

The average body weights of dams on days 1, 6, 12, and 21 of gestation, as well as
the average body weight gains from day 1 to day 5, 6 to day 11, and 12 to day 20 of
gestation for each group are shown in table 3.5 and Figure 3.4. The mean body weights
of the 4 experimental groups were not statistically different on day 1 of gestation. During
gestation, diabetes, but not alcohol exposure, played the main role in the differences in
body weight. Diabetic rats, whether consuming alcohol or water, had significantly lower
body weights on days 6, 12, and 21 of gestation compared to nondiabetic rats (p<O.Ol).
On day 21, diabetic rats weighed about 90g less than nondiabetic rats. No interaction
between diabetes and alcohol exposure on body weight was observed on days 6, 12, or
21 of gestation.
From day 1 to day 5 of gestation, when alcohol was not administered, diabetic rats
(groups 3 & 4) gained less weight than nondiabetic rats (groups 1 & 2, p<O.O5). From
day 6 to day 11 of gestation, when rats in groups 2 and 4 consumed alcohol, diabetic rats
gained significantly less weight than nondiabetic rats (p<O.OOl), but alcohol administra
tion did not have a significant effect on body weight gain. It should be noted that there
were huge variations of weight gains from day 6 to day 11. in groups 3 and 4 (table 3.5).
In fact, 3 out of 11 rats in group 3 and 3 out of 8 rats in group 4 lost weight instead of
gaining weight during this period of gestation. The reason for losing weight in these rats
is not clear. It cannot be attributed to the administration of alcohol, because some of the
group 3 rats (no alcohol administered) also lost weight during this period. Interestingly,
from day 12 to day 20 of gestation, in addition to the diabetic effect on body weight gain
(p<O.OO1), there was also a significant interaction between diabetes and alcohol (2-way
ANOVA, p<O.O5). Alcohol alone did not have a significant effect on body weight gain.
Because the overall 2-way ANOVA showed a significant interaction between diabetes
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Table 3.5: Body weight and weight gain of dams during gestation in each treatment
group (mean ± SD)
Group
1
2
4
3
No of animals
9
11
8
8
Body wt on D1(g)
253.6 ± 11.8 256.0 + 8.8 246.6 ± 12.4 249.7 ± 12.3
Body wt on D6(g)*
275.1 ± 9.3
279.2 ± 6.5 264.1 + 16.9 260.9 ± 16.5
Body wt on D12(g)* 305.7 ± 13.3 293.7 + 7.1 271.5 + 26.0 266.2 ± 16.2
Body wt on D21(g)* 382.3 ± 28.5 387.9 ± 18.0 309.2 ± 38.2 284.9 ± 25.0
Wt gain D1-5(g)*
21.5 ± 5.9
23.2 ± 5.6
17.5 ± 12.1
11.2 ± 10.2
gain
D6-11(g)*
Wt
14.5 ± 8.1
5.1 ± 19.4
5.2 ± 13.5
30.6 ± 7.8
b
6
•
b
Wt gain D12-20(g)*f 76.7 ± 20.0 94.2 ± 17J 37.7 ± 23
18.7 ± 195
Group 1: Non-diabetic on water
Group 2: Non-diabetic on alcohol
Group 3: Diabetic on water
Group 4: Diabetic on alcohol
* Diabetic significantly different from non-diabetic, p<O.O5
t Significant interaction between diabetes and alcohol, p<O.O5
Values not sharing a common superscript in each row are significantly different
at p<O.O5
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and alcohol on body weight gain from day 12 to day 20 of gestation, the Tests of Simple
Effect were employed to identify the source of the difference. In rats not exposed to
alcohol (groups 1 & 3), diabetic rats gained less weight during this time than did nondiabetic rats (p<O.0Ol). Similarly, in alcohol exposed rats (groups 2 & 4), diabetic rats
gained less weight than did nondiabetic rats (p.<O.OOl). On the other hand, nondiabetic
rats, whether exposed to alcohol or not, had similar body weight gains. In diabetic rats,
although there was a trend for alcohol exposed animals to gain less weight than animals
not exposed to alcohol, the difference was not statistically significant.
This pattern of interaction between diabetes and alcohol on body weight gain from
day 12 to 20 is shown in Figures 3.5 and 3.6. Figure 3.5 indicates that the difference in
body weight gain from day 12 to 20 between diabetic and nondiabetic rats was greater in
alcohol exposed group than in non-alcohol exposed group (p<0.O5). Figure 3.6 shows a
trend that the direction of alcohol effect on weight gain from day 12 to 20 in nondiabetic
rats is opposite to that in diabetic rats. This means when rats are not diabetic, alcohol
exposure tends to facilitate weight gain compared to controls and contrarily, whereas
when rats are diabetic, alcohol exposure tends to result in less weight gain compared to
diabetic rats not exposed to alcohol. However, the differences of weight gains from day
12 to 20 between alcohol and water exposed groups, either in nondiabetic rats or diabetic
rats, were not significant.

3.4

Blood glucose concentrations

In groups 1 and 2 (non-diabetic), blood glucose concentrations on day 21 of gestation did
not differ from those on day 1, confirming the continued nondiabetic state throughout
gestation. In groups 3 and 4, blood glucose concentrations by one week after STZ ad
ministration were significantly higher than those before STZ administration, which were
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Table 3.6: Blood glucose concentration of dams at different times during the experiment,
in each treatment group (mmol/L)
Rat
No
1
2
3
4
5
6
7
8
9
10
11

Group 1
Dl
D21
3.9
4.8
3.7
5.9
3.8
3.8
4.8
3.5
2.8
2.4
4.3
7.8
6.8
4.0
3.7
6.2
6.8
4.4

Group 2
Dl
D21
4.7
2.9
3.6
4.1
4.8
7.6
3.4
4.1
2.9
3.9
2.9
3.7
3.7
3.7
4.5
3.3

Bf
3.6
4.9
2.8
5.7
4.3
4.7
2.9
4.4
5.5
3.8
7.2

A
18.4
15.2
18.3
>27
21.9
23.1
19.0
16.7
15.8
18.8
23.4

Group 3
D2
D7
16.9
23.6
17.9
21.8
22.5
16.7
24.8
19.2
19.9
22.3
17.8
21.2
26.4
18.5
25.2
17.4
26.1
17.7
19.6
20.0
-

-

D12
23.3
18.1
19.3
16.9
24.3
18.8
15.7
23.1
18.0
18.4
22.0

D21
21.1
21.9
26.6
>27
15.0
22.0
22.5
22.5
22.0
>27
21.7

Bf
4.6
4.7
4.3
4.9
5.1
5.0
4.3
3.7

A
21.3
>27
22.0
25.0
>27
16.6
25.2
>27

group 4
D2
D7
26.6
>27
16.9
>27
18.4
22.3
>27
23.1
>27
>27
25.0
17.9
18.6
24.3
25.2
>27

D12
16.0
18.0
17.5
21.0
18.7
17.3
20.1
21.0

D21
>27
16.4
18.8
17.3
24.0
19.9
25.5
21.3

Group 1: Nondiabetic on water
Group 2: Nondiabetic on alcohol
Group 3: Diabetic on water
Group 4: Diabetic on alcohol

f Blood glucose level before STZ injection
1 Blood glucose level one week after STZ injection

not different from those of nondiabetic rats. After STZ administration, blood glucose
concentrations of all rats in groups 3 and 4 were above l5mmol/L and remained above
this level throughout gestation, confirming the continued diabetic state (table 3.6).

3.5

Peak blood alcohol levels

On day 11 of gestation (the last day of alcohol administration to groups 2 and 4), the
mean peak blood alcohol concentration was 73.3 ± 13.6mg/di.
3.6

Outcome of pregnancy

Table 3.7 shows the outcome of pregnancy by treatment group. The mean number of
implantation sites per dam and mean number of live fetuses per litter did not differ be
tween diabetic and nondiabetic rats or between alcohol exposed and non-alcohol exposed
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Table 3.7: Reproductive variables on day 21 of gestation in each treatment group
Group
1
No of rats examined
9
Total No of implantation sites
128
No of implantation sites/litter 14.2 ± 4.3*
Total No of live fetuses
118
No of live fetuses/litter
13.1 ± 4.2
Total No of resorption sites
9
7.0
% resorptions
Mean litter arcsine
15.9 ± 7.7
No of resorptions/litter
1.0±1.1
No of litters with resorptions
5
55.6
% litters with resorptions
Group 1: Non-diabetic on water
Group 2: Non-diabetic on alcohol
Group 3: Diabetic on water
Group 4: Diabetic on alcohol
* mean ± SD
No means or rates were significantly different

2
8
117
14.6 ± 3.8
108
13.5 ± 3.8
7
6.0
14.8 ± 7.6
0.9±1.0
4
50.0

3
11
131
11.9 ± 4.3
112
10.2 ± 3.8
16
12.2
21.1 ± 8.9
1.5±1.7
8
72.7

4
8
111
13.9 ± 3.8
100
12.5 ± 3.5
11
9.9
17.9 ± 9.5
1.4±1.5
5
62.5

among groups

rats. The number of resorptions expressed either as the mean number of resorptions per
litter or as the percentage of resorptions in each group was not significantly different
among the four treatment groups (both chi-square test and 2-way ANOVA). There were
no differences among treatment groups with respect to number of litters with one or more
resorptions.

3.7

Fetal weight, placental weight and fetal weight/placental weight ratio

The mean fetal weight, mean placental weight and the mean ratio of fetal weight/placental
weight (f/p ratio) for each treatment group are shown in table 3.8. Photo 1 (see Appendix
A) shows the relative sizes of two fetuses from a control dam (right) and a diabetic-alcohol
dam (left) respectively.
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Table 3.8: Fetal and placental weights on day 21 of gestation in each treatment group
(mean ± SD)

Group
No of animals
Mean fetal weight/litter (g)*f
Mean placental weight/litter (g)*
Mean f/p ratio/litter*f

1
9
3.38 ± 0.63
0.50 ± 0.07
6.83 + 1.52a

2
8
3.79 ± 0.30a
0.45 ± 0.04
8.42 ± 0.94b

3
11
49
•
0
2.56 ± b
0.64 ± 0.18
4.14 ± 0.89c

4
8
2.27 ± 0.41b
0.54 ± 0.10
4.29 ± 0.60c

Group 1: Non-diabetic on water
Group 2: Non-diabetic on alcohol
Group 3: Diabetic on water
Group 4: Diabetic on alcohol
f/p ratio: ratio of fetal weight/placental weight
* Diabetic significantly different from non-diabetic, p<O.05
Alcohol significantly different from water, p<O.05
t Significant interaction between diabetes and alcohol, p<0.O5
Values not sharing a common superscript in each row are significantly different at p<O.OS

The mean fetal weight was significantly less (p<O.OO1) in litters of diabetic rats com
pared to nondiabetic animals, but a significant difference was not seen between alcohol
and water exposed groups. However, there was a significant interaction between diabetes
and alcohol on fetal weight (2-way ANOVA, p<0.O5).
Because the overall two-way ANOVA indicated a significant interaction between dia
betes and alcohol exposure on fetal weight, the Tests of Simple Effect were carried out.
In the non-alcohol exposed group, fetuses of diabetic dams weighed significantly less than
did fetuses of nondiabetic dams (p<O.OO1). Similarly, in alcohol exposed groups, diabetes
had a very strong effect on fetal weight (p<O.OO1). As a result, fetuses of diabetic dams
were lighter than fetuses of nondiabetic dams. However, in both diabetic and nondia
betic groups, the differences in fetal weight with or without alcohol treatment were not
significant.
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The pattern of interaction between diabetes and alcohol on fetal weight is demon
strated in Figures 3.7 and 3.8. Figure 3.7 indicates that the difference in fetal weight
between diabetic and noridiabetic rats was greater in alcohol exposed rats than in rats not
exposed to alcohol

(p<O.O5).

Figure 3.8 shows the directions of alcohol’s effect on fetal

weight in diabetic and nondiabetic rats. However, the difference of fetal weight between
alcohol and water exposed rats was not significant either in diabetic or nondiabetic rats
as demonstrated in Tests of Simple Effect.
Placental weights were significantly different (p<O.Ol) when diabetic and nondiabetic
rats were compared, with diabetic rats tending to have bigger placentas than nondiabetic
rats. However, a significant difference in placental weight between alcohol and water
exposed groups was not found.
In terms of the ratio of fetal weight/placental weight (f/p ratio), 2-way ANOVA
showed that both diabetes and alcohol had very strong effects (p<O.OO1 and p<O.O5
respectively) on the f/p ratio and there was also an interaction between diabetes and
alcohol (p<O.O5).
The subsequent Tests of Simple Effect gave the following results for comparisons
between different pairs of groups. In non-alcohol exposed rats, the f/p ratio of diabetic
rats was significantly lower than was that of nondiabetic rats (p<O.OO1). Similarly, in
alcohol exposed rats, diabetic rats had lower f/p ratio compared to nondiabetic rats
(p<O.OOl). In nondiabetic rats, alcohol had a significant effect on f/p ratio (p<O.Ol),
but the direction is interesting. Alcohol exposed rats had a higher f/p ratio than did
non-alcohol exposed rats. In contrast, alcohol had no effect on f/p ratio in diabetic rats.
As a result, all diabetic rats had a similar f/p ratio.
The pattern of interaction between diabetes and alcohol on f/p ratio is shown in Fig
ures 3.9 and 3.10. Figure 3.9 shows again that the difference in f/p ratio between diabetic
and nondiabetic rats was greater in alcohol exposed rats than in non-alcohol exposed rats
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(p<O.O5).

Figure 3.10 demonstrates that in nondiabetic rats

49

,

alcohol exposure raised

the f/p ratio, however, in diabetic rats, alcohol exposure did not show any effect on f/p
ratio.

3.8

External malformations

A wide variety of external malformations were found in diabetic rats, but none were
found in nondiabetic rats regardless of whether the animals were exposed to alcohol or
water (table 3.9). The malformations observed include: a variety of facial defects, char
acterized by smaller lower jaw, no lower jaw, no mouth, tongue protruding, otocephaly
(see Appendix A, photo 2), and distorted face; missing tail (see Appendix A, photo 3);
umbilical hernia or gastroschisis (see Appendix A, photo 4); severe edema; and ectro
dactyly. Some affected fetuses had more than one malformation, such as severe edema
together with absence of the lower jaw.
Although both groups of diabetic animals (those on water and those given alcohol)
had malformed fetuses, those on alcohol had a greater percentage of fetuses with all types
of external malformations compared to those on water (chi-square test, p<O.05), with 5
malformed fetuses out of 112 (4.5%) occurring in group 3, and 12 out of 100 (12%) in
group 4.
In terms of the number of litters with malformed fetuses, the difference between
groups 3 and 4 was not significant, although there was a trend for diabetic animals on
alcohol to have more affected litters (27.3% in group 3 vs 75% in group 4). The means of
the litter frequencies of external malformations (transformed to Freeman-Tukey arcsines)
were not different between groups 3 and 4 (t-test, p>O.O5).

Chapter 3. Results

50

10

0.

5.
4.
3.

water

aJCOhO1

group
nondjabetjc

—*-

diabetic

Figure 3.9: Interaction of diabetes at alcohol on f/p ratio

10
9

nondia

diabetic

group
—s-- water

-.—

alcohol

Figure 3.10: Interaction of alcohol at diabetes on f/p ratio

Chapter 3. Results

51

Table 3.9: Numbers of fetuses with external malformations in each treatment group
Group
1
2
4
3
No of litters examined
9
8
11
8
No of fetuses examined
118 108
112
100
No of fetuses with
facial defects
0
0
3
8
absent tail
1
1
0
0
umbilical hernia/gastroschisis
2
0
0
0
edema
0
0
1
2
ectrodactyly
1
1
0
0
No of fetuses with external malformations
12
0
0
5
Malformed fetuses as % of live fetuses
0
0
4.5
13.28 ± 9.27* 17.27 ± 8.79
Mean litter arcsine of malformed fetuses
3/11
No of litters with malformed fetuses
0/9 0/8
6/8
27.3
0
0
75
% of litters with malformed fetuses
Group 1: Non-diabetic on water
Group 2: Non-diabetic on alcohol
Group 3: Diabetic on water
Group 4: Diabetic on alcohol
A single fetus may have more than one malformations
Values not sharing a common superscript in each row are significantly different
-

at p<O.O5
*

mean ± SD

-
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Table 3.10: Numbers of fetuses with skeletal malformations in each treatment group
Group
1
2
3
4
No of litters examined
11
9
8
8
No of fetuses examined*
103 84
101
79
No of fetuses with
malformed sternum
0
0
7
2
malformed ribs
0
0
1
2
malformed vertebrae
0
0
3
3
malformed skull
1
0
0
0
malformed limb
1
0
0
0
11
No of fetuses with skeletal malformations
0
0
9
malformed
fetuses
10.9
11.4
of
0
0
%
No of litters with malformed fetuses
0/9 0/8 5/11
4/8
45.5
0
0
50
% of litters with malformed fetuses
Group 1: Non-diabetic on water
Group 2: Non-diabetic on alcohol
Group 3: Diabetic on water
Group 4: Diabetic on alcohol
* Fetuses with external malformations and fetuses which were dried out
during fixation in alcohol were excluded from skeletal examination

3.9

Skeletal malformations

Fetuses with external malformations were excluded from skeletal examination. All fetuses
without gross malformations were stained with alizarin red S and alcian blue 8GS and
skeletal morphology was examined.
Skeletal malformations were not seen in fetuses of nondiabetic dams, whether on
water or alcohol. However, a variety of skeletal malformations were found in diabetic
animals on water and in diabetic animals on alcohol (table 3.10).
Malformed sternum was found relatively frequently among fetuses with skeletal mal
formations. In the 9 fetuses with malformed sternums this was expressed as cleft sternum
(see Appendix A, photo 5).

Chapter 3. Results

53

Three fetuses showed malformed ribs. One fetus, from a diabetic dam on alcohol,
had the 1st left rib bifurcated and fused with the 7th vertebrae. Another fetus, from the
same group, had fusion of the 7th and 8th ribs. The third fetus, from a diabetic animal
on water, had an extra right rib fused distally with the 1st rib.
In the 6 fetuses with vertebral malformations, the defects occurred at different levels,
i.e. cervical, thoracic or lumbar vertebrae. Two fetuses from the diabetic-alcohol group
had abnormal cervical vertebrae. In one, there were 5 cervical arches on the left with the
4th arch in a vertical position, and 6 arches on the right; while in the other fetus, two
extra pieces of cartilage were seen on top of the 5th and 6th cervical arches and crossed
each other. The other fetus, from the diabetic-water group had the 5th left cervical arch
bifurcated (see Appendix A, photo 5). In 2 fetuses with lumbar vertebral malformations,
one, from diabetic-alcohol group, had an extra lumbar vertebrae, while the other, from
the diabetic-water group, had more severe malformation. In this case the 1st and 2nd
lumbar vertebral right arches fused, and the 1st and 2nd lumbar vertebral bodies were
ossified unilaterally and the 3rd and 4th vertebral bodies ossified unilaterally and fused
together. Only one fetus, which was from the diabetic-water group, had thoracic vertebral
malformation. This fetus had hemivertebrae, the 1st thoracic right and the 2nd thoracic
vertebrae asymmetrically displaced and the 1st right rib missing.
In addition, one fetus from the diabetic-alcohol group had a malformed arm joint,
while another from the same group had a missing zygomatic process and zygoma bone
in the skull (see Appendix A, photo 6).
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Skeletal ossification and variants

Four entire fetal skeletons, one from each treatment group, are shown in photo 7 (see
Appendix A). A total of 367 fetuses were examined for skeletal ossification. The ossifi
cation centers in five districts including metacarpus, metatarsus, sternum, vertebrae and
skull were counted in each fetus and the irregular shapes of the ossification centers were
also recorded.
3.10.1

Metacarpus, metatarsus

No ossification centers were observed in the anterior and posterior phalanges of fetuses
in any group.
Table 3.11 shows the frequency of ossification centers in the fetuses of each group, ac
cording to the number of ossification centers, as well as the average number of ossification
centers. For the metacarpus (both left and right sides), all fetuses in groups 1 and 2 had
either 3 or 4 ossification centers, while most fetuses in groups 3 and 4 had a maximum
of 3 ossification centers. Some fetuses in groups 3 and 4 had no metacarpal ossification
centers, while others had only 1 or 2. Only a few showed 4 ossification centers. As a
result, the average number of ossification centers in the metacarpus (both sides) were
significantly less in the diabetic groups than in the nondiabetic groups (p<O.OOl). How
ever, there was no significant difference in the average number of ossification centers in
metacarpus when fetuses of alcohol exposed rats are compared to those of water exposed
animals.
For the metatarsus, almost all fetuses in groups 1 and 2 had 4 ossification centers on
both sides. In groups 3 and 4, although large percentage of fetuses had 4 centers, quite a
few had 3 centers and some did not show any ossification centers. The average number
of ossification centers in the metatarsus was significantly less in groups 3 and 4 compared
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Table 3.11: Development of ossification centers in metacarpus, metatarsus, and sternum
in each treatment group
Skeletal
district
Metacarpus(L)

Metacarpus(R)

Metatarsus(L)

Metatarsus(R)

Sternum

No. of ossification
centra
0
1
2
3
4
Ave.*
0
1
2
3
4
Ave.*
0
1
2
3
4
5
Ave.*
0
1
2
3
4
5
Ave.*
0
1
2
3
4
5
6
Ave.*

Total fetuses
examined
Group
Group
Group
Group

1:
2:
3:
4:

Non-diabetic on water
Non-diabetic on alcohol
Diabetic on water
Diabetic on alcohol

Group 1

Group 2

65
38
3.43 ± 0.43f

28
56
3.68 + 0.39

64
39
3.46 ± 0.46

26
58
3.74 + 0.35

1
97
5
4.04 ± 0.14

84
4.00 ± 0.00

1
97
5
4.04 ± 0.14

4.00 ± 0.00

2
39
18
44
5.12 ± 0.76
103

7
17
60
5.67 + 0.40
84

84

Group 3

Group 4

6
0
5
78
12
2.91 ± 0.58
5
0
6
79
11
2.94 ± 0.57
7
0
0
28
66

1
3
6
69
2.80 ± 0.39
0
3
7
69
2.83 ± 0.35
8
0
1
30
40

3.49 ± 0.83
7
0
0
25
69

3.16 ± 1.03
6
0
3
31
49

3.53 ± 0.79
9
3
7
12
14
31
20
3.92 + 1.85
101

3.20 ± 0.96
9
2
2
15
26
14
9
3.64 ± 1.69
79

mean ± SD
* Diabetic significantly different
from non-diabetic, p<O.O5
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with groups 1 and 2 (p<O.Ol). Alcohol exposure alone did not have a significant effect
on the average number of metatarsal ossification centers.
3.10.2

Sternum

Photo 8 (see Appendix A) shows the normal sternebral ossification centers in a fetus
from a control litter. In groups 1 and 2, almost all fetuses had 4 to 6 ossification centers.
However, in groups 3 and 4, fetuses had numbers of ossification centers varying from
none to 6. There were a large number of fetuses with less than 4 ossification centers in
the sternum (table 3.11).
The average number of ossification centers in the sternum was smaller in fetuses from
diabetic rats than in fetuses from nondiabetic rats (p<O.O5), irrespective of whether alco
hol treated or not. However, the ossified sternebral centers were not all of a normal shape.
The irregular shapes of sternebral ossification centers that were observed are shown in
Figure 3.11

.

These include dumbbell-shaped, asymmetrically dumbbell-shaped, asym

metrical and asymmetrically dumbbell-shaped, simple asymmetrical, cleaved (bipartite),
asymmetrically cleaved , unilaterally ossified. The lack of apposition refers to those asym
metrical ossification centers in cases 4, 5 and 9 in Figure 3.11

.

The irregular shapes are

considered skeletal variants rather than malformations (table 3.12).
The overall chi-square test showed that the difference in the frequency of dumbbellshaped, cleaved, and unilaterally ossified centers (these shapes are referred as “poorly
ossified centers” in the table) among groups was significant (p<O.OO1). The subsequent
paired comparisons indicated that groups 1 and 2 did not differ from each other with
respect to the percentage of fetuses with poorly ossified sternebral centers (24.3% in
group 1 and 20.2% in group 2). Groups 3 and 4 were significantly different from groups
1 and 2 (p<O.001), with a larger proportion of fetuses with poorly ossified centers in
groups 3 and 4 (74.2% in group 3 and 82.3% in group 4), compared to groups 1 and 2.
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Figure 3.11: Observed irregular shapes of sternebral ossification centers
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Table 3.12: Skeletal variants observed in fetuses of each treatment group
Group
No of fetuses examined
An extra rib*
The 13th rib shortj
Incomplete ossification of
supraoccipital bone
Lack of foramen
Poorly ossified
sternebral centers
Lack of apposition
in sternebral centers
Poorly ossified
thoracic centers
Poorly ossified
lumbar centers
Poorly ossified
cervical arches

1

2

3

103
oa
(0)
oa
(0)

84
1a
(1.2)
6b
(7.1)

101

79

b
34

211

(33.7)
oa
(0)

(26.6)f
oa
(0)

b
71

68C

4a

4

(3.9)

(2.4)

(70.3)

(86.1)

a
5

a
5

a
14

a
3

(4.9)
25
(24.3)
13a
(12.6)
7a

(6.0)
7a
(20.2)
12a
(14.3)

(13.9)

(3.8)

b
75

b
65

(74.2)

(82.3)

b
33

b
34

(32.7)

(6.8)

(59.4)

(0.97)
0

(4.8)
oa
(0)
0

(43.0)
63C
(79.7)

-

-

b
19

(18.8)
44
(43.6)

(24.0)
49”
(62.0)

Group 1: Non-diabetic on water
Group 2: Non-diabetic on alcohol
Group 3: Diabetic on water
Group 4: Diabetic on alcohol
Poorly ossified centers include those dumbbell-shaped, bipartite, and unilateral
ossified centers
* Including cervical and lumbar extra ribs, and full or rudimentary size
Including short or rudimentary sizes
f Percentage
Values not sharing a common superscript in each row are significantly different
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Table 3.13: Mean numbers of poorly ossified centers in sternum, thoracic and lumbar
vertebrae in each group (mean + SD)
Group
1
2
3
4
Sternum*
1.28 ± 0.54 1.06 ± 0.24 2.01 ± 1.07 2.17 ± 0.93
Thoracic*
1.43 ± 1.13
1.00 ± 0
3.52 ± 2.03 3.81 ± 2.19
Lumbar*
1.42 ± 0.77 2.00 ± 1.33
0
0
Group 1: Non-diabetic on water
Group 2: Non-diabetic on alcohol
Group 3: Diabetic on water
Group 4: Diabetic on alcohol
Means calculated among those fetuses with one or more poorly
ossified centers
* Diabetic significantly different from non-diabetic, p<O.O5

The difference between groups 3 and 4 was not significant.
It is noteworthy that many fetuses had more than one poorly ossified center. The
average numbers of poorly ossified centers per fetus in groups 1, 2, 3, and 4 were 1.28,
1.06, 2.01, and 2.17 respectively (table 3.13). The calculation of the average number
of poorly ossified centers per fetus of each group did not include those fetuses with no
poorly ossified centers. A significant difference in the average numbers of poorly ossified
sternebral centers per fetus was only found between diabetic and nondiabetic groups
(p.<O.OO1), but not between alcohol and water treated groups. Not only were there more
fetuses with poorly ossified sternebral centers, but there were also more poorly ossified
centers per fetus in diabetic than in nondiabetic litters.
The number of fetuses showing sternebral ossification centers with a lack of apposition
was significantly different among all groups (p.<O.OO1). Similarly, significant differences
were found between groups 1 and 3 (p=O.OO1), groups 1 and 4 (p<O.OO1) and groups 2
and 4 (p<O.OO1), but not between groups 1 and 2 or groups 3 and 4. The percentages of
fetuses showing ossification centers with a lack of apposition were 12.6%, 14.3%, 32.7%
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and 43.0% in group 1, group 2, group 3, and group 4 respectively (table 3.12).
3.10.3

Vertebrae

In rats, during development in utero, the ossification centers of the first cervical to the
2nd thoracic vertebral arches appear early, then ossification proceeds caudally. For the
vertebral bodies, the earlier ossification centers are the fourth thoracic to sixth lumbar,
then ossification extends both cephalically and caudally (Strong, 1926). Photo 9 (see
Appendix A) shows the normal vertebral ossification centers and cervical arches in a
fetus from a control litter.
The frequencies of fetuses by position of the most caudal vertebral arches in all 4
groups are shown in table 3.14. The results for left and right sides were similar. The
overall difference among groups was significant (p<O.OO
).
1
The subsequent paired comparisons indicated that vertebral arches proceeded further
caudally in fetuses of group 2 than in those of group 1 (p<O.OO1). In the control group,
about 30% of fetuses had the vertebral arches ending at Ca2, about 40% of fetuses at
Cal, and the rest at a higher position. In contrast, over 50% of fetuses in group 2 had
the vertebral arches ending at Ca2, with the rest at Cal.
On the other hand, in groups 3 and 4, vertebral arches proceeded less caudally than
in group 1 (P<0.00l). About 50% of fetuses in group 3 and 60% in group 4 had the
vertebral arches ending at the level from S4 to 51, while only 30% of fetuses in group 1
had the vertebral arches ending at the level from S4 to S2, with more than 80% at S4.
Again, the difference between groups 3 and 4 was not significant.
In both groups 3 and 4, poorly ossified cervical arches were found frequently, but this
was not the case in groups 1 and 2. These poorly ossified cervical arches showed either as
cleaved ossification centers or unilaterally ossified centers (see Figure 3.12). When this
happened, it occurred more frequently in the 3rd to 7th cervical arches. Although this
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Table 3.14: Frequencies of fetuses according to the most cephalic and most caudal ver
tebral ossification centers and the most caudal vertebral arches
Group

1

The most cephalic vertebral centrum
Higher than C7
C7
Ti
T2
T3
T4
Lower than T4
The most caudal vertebral centrum
Ca6
Ca5
Ca4
Ca3
Ca2
Cal
Higher than Cal
The most caudal vertebral arch Left (Right)
Ca2
Cal
S4
S3
S2
Si
L6 of lower than L6

Group
Group
Group
Group

1:
2:
3:
4:

Non-diabetic on water
Non-diabetic on alcohol
Diabetic on water
Diabetic on alcohol

-

23
73
7

2

12
41
31
-

-

-

-

4
11
28
45
13
2

5
24
40
15
-

-

-

33(33)
40(39)
25(25)
2(4)
3(2)

48(48)
35(36)
1(0)
-

-

-

-

3

4

-

-

35
38
13
8
6

22
33
15
6
3

1
26
32
8
8
25

8
32
ii
3
25

8(4)
46(47)
13(16)
11(9)
15(18)
7(6)
1(1)

3(2)
28(27)
14(17)
9(8)
15(15)
9(9)
1(1)
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phenomenon existed in both groups 3 and 4, it happened significantly more frequently
in group 4 (62%) than in group 3 (43.6%) (p<O.O5).
Table 3.14 also shows the frequencies of fetuses according to the most cephalic and
most caudal vertebral ossification centers. The frequencies of fetuses with respect to the
positions of the most cephalic vertebral bodies were significantly different among groups
(p<O.OO1). The paired comparisons indicated that group 2 was significantly different

from group 1 (p <0.001). The majority of fetuses from group 2 had the ossified vertebral
bodies ending at the 7th cervical vertebrae or higher, and the remainder had it at the 1st
thoracic vertebrae, with no fetuses showing the ossification centers lower than this. In
comparison, only a few fetuses from group 1 had the ossified vertebral bodies ending at
C7 and most of fetuses had them at Ti, with some fetuses at T2. Therefore, ossification
of the vertebral centra has proceeded further cephalically in group 2 fetuses (nondiabetic
alcohol) than in group i (the control).
In contrast, fetuses of both groups 3 and 4 had vertebral centra which extended less
cephalically than did fetuses from controls (p<O.OOl). In controls, over 90% of fetuses
had ossified vertebral centers ending at Ti, with only a few below that level, but in groups
3 and 4, 1/3 or less had ossified vertebral centers ending at Ti, with the remainder below
that level. However, groups 3 and 4 did not differ significantly from each other.
Similarly, the frequencies of fetuses according to the positions of the most caudal
vertebral centers were significantly different among groups (p<O.OO1). The paired com
parisons indicated again that positions of caudal end vertebral centers proceeded further
in group 2 than in group 1 (p.<0.OOi). In groups 3 and 4 the caudal end of vertebral
center had proceeded less than in group 1 (p.<O.OO1). The difference between groups 3
and 4 was not significant.
In summary, ossification of the vertebral centra extended further, both cephalically
and caudally, in fetuses of nondiabetic alcohol-exposed rats compared to other treatment
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groups. However, all fetuses from diabetic rats had vertebral centra which were extended
less, both cephalically and caudally, compared to fetuses of controls, although group 3
(diabetic-water) did not differ from group 4 (diabetic-alcohol).
The most commonly encountered irregular shapes of vertebral ossification centra are
shown in Figure 3.13

.

These include asymmetrical, dumbbell-shaped, asymmetrically

dumbbell-shaped, asymmetrical and asymmetrically dumbbell-shaped, cleaved (bipar
tite), cleaved and asymmetrically ossified, unilaterally ossified, and unossified. These
irregular shaped ossification centers are referred as “poorly ossified centers” in the text.
With respect to unossified vertebral centers, only those in the range between the most
cephalic and the most caudal ossified centers are classified as unossified, and these are
considered “poorly ossified”. Photo 10 (see Appendix A) shows a fetus, from a diabetic
rat exposed to alcohol, with poorly ossified vertebral ossification centers.
The proportions of fetuses with poorly ossified thoracic vertebral centers were signif
icantly different among groups (p.<O.OOl). The paired comparisons indicated that the
difference between groups 1 and 2 was not significant. However, both groups 3 and 4
were significantly different from controls (p<O.OOl). In groups 3 and 4, 59.4% fetuses and
79.7% fetuses respectively had poorly ossified thoracic centra, while in group 1 a much
smaller percentage of fetuses had poorly ossified thoracic centra (only 6.8%). It should
be noted that, the difference between groups 3 and 4 was significant (p<O.OOS), with
group 4 showing 20.3% more fetuses had poorly ossified thoracic centra than in group 3
(table 3.12).
The average number of poorly ossified thoracic vertebral centra was 1.43 in the 7
fetuses with poorly ossified vertebral centra in group 1; 1.00 in the 4 fetuses of group 2;
3.35 in the 60 fetuses of group 3; and 3.81 in the 63 fetuses of group 4. The average number
of poorly ossified thoracic vertebral centers per fetus was significantly different between
diabetic and nondiabetic groups (p<O.OO1), but not significantly different between alcohol
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Figure 3.13: Observed irregular shapes of vertebral ossification centers
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and water treated groups (table 3.14). Thus, not only did more fetuses have poorly
ossified thoracic vertebral centra in diabetic groups, but also they had a larger number
of poorly ossified centers in each fetus.
The percentages of fetuses with poorly ossified lumbar vertebral centra were signifi
cantly different among groups (p<O.OO
). There was only one fetus with a single poorly
1
ossified lumbar vertebral center in group 1 and none in group 2. However, both groups
3 and 4 had relatively large percentages of fetuses with poorly ossified lumbar vertebral
centers (18.8% in group 3 and 24.0% in group 4). The difference between groups 3 and
4 was not significant.
The average numbers of poorly ossified lumbar vertebral centra in each fetus in groups
3 and 4 were 1.42 and 2.00 respectively, which were not significantly different (table 3.14).
3.10.4

Skull

Most bones in the skull were ossified on day 21 of gestation in all experimental groups.
This included the mandible, premaxilla, vomer, zygomatic process of the maxilla, alisphe
noid, squamosal, medial pterygoid plate, nasal, frontal, parietal, exoccipital and incisive,
and the posterior palatine foramen was completely enclosed by ossifying tissue.
Some additional bones were ossified in all but a few fetuses. These were zygoma (not
ossified in 2 fetuses from group 4 and one fetus from group 3); basisphenoid (not ossified
in one fetus from group 3); interparietal bolle (not ossified in one fetus from group 3);
and the tympanic annulus (ossified on the right side, but not on the left side in one fetus
from group 4).
The bones which were frequently unossified or incompletely ossified in the skull were
the hyoid bone, presphenoid bone, and the supraoccipital bone. The basisphenoid fora
men was frequently incompletely enclosed by ossifying tissue (table 3.15).
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Table 3.15: Ossification centers and foramen in skull
Group
1
2
3
4
No of fetuses examined
103
84
101
79
14
(
70
)ab
9
(
92
)ab
7
(
71
101(2)z )b
Hyoid bone
15
(
86
)b
9
(
69
102(1) 84(0)a )b
Presphenoid bone
74(5)a
3
(
53
)b
4
40
(
35
)b
86(12)a
Basisphenoid foramen
75(3)a
103(0)a 84(0) 100(1)a
Supraoccipital bone
Group 1: Non-diabetic on water
Group 2: Non-diabetic on alcohol
Group 3: Diabetic on water
Group 4: Diabetic on alcohol
Figures indicate numbers of fetuses in which ossification centers were present
or (not) or foramen were completely enclosed by ossifying tissue or (not)
Values not sharing a common superscript in each row are significantly different
at p<O.O05

The frequencies of the presence of ossification centers in the hyoid bone were signifi
cantly different among groups (p<O.Ol). There was a larger percentage of fetuses failing
to show ossification centers in the hyoid bone in group 2 than in group 1 (p.<O.OO1). This
was one of the two parameters affected only by alcohol exposure (16% of fetuses in group
2 did not have ossification centers in the hyoid bone, only 2% in group 1).
There was no difference in the frequencies of ossification centers in the hyoid bone
between any other pairs of groups, although there was a trend that diabetic groups tended
to have more fetuses lacking ossification centers in the hyoid bone. About 9% of fetuses
in both diabetic groups did not have ossification centers in the hyoid bone.
The frequencies of presence of ossification centers in presphenoid bone were signifi
cantly different among groups (p <0.001). Groups 1 and 2 did not differ from each other.
15% of the fetuses in group 3 and 11% of those in group 4 lacked ossification centers in
presphenoid bone, which were significantly different from group 1 (p<O.Ol). However,
the difference between groups 3 and 4 was not significant.
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The figures in table 3.15 concerning the basisphenoid foramen show whether the
foramen was completely enclosed or riot (in parentheses). The frequencies of fetuses with
foramen completely enclosed by ossifying tissue were significantly different among groups
(p<O.OO1). Groups 1 and 2 did not differ from each other. The percentages of fetuses
with completely enclosed basisphenoid foramen in groups 1 and 2 were 83.5% and 88.1%
respectively. Both groups 3 and 4 were significantly different from controls (p<O.OO1)
with 52.5% of fetuses in group 3 and 44.3% of those in group 4 having completely enclosed
basisphenoid foramen. Again the difference between groups 3 and 4 was not significant.
The frequencies of the presence or absence of ossification center in supraoccipital bone
were not different among groups. However, some fetuses did have ossification center in
supraoccipital bone which were not complete. These fetuses either showed a dumbbell
shaped ossification center or cleaved ossification centers in supraoccipital bone. The
percentages of fetuses with incompletely ossified supraoccipital bone were significantly
different among groups (p<O.OO
). Groups 1 and 2 did not differ from each other. Only
1
3.9% of fetuses in group 1 and 2.4% of fetuses in group 2 had incomplete ossification
of supraoccipital bone. Both groups 3 and 4 were significantly different from controls
(p<O.OOl). There were 70.3% and 86.1% of fetuses in groups 3 and 4 respectively had
incompletely ossified supraoccipital bone. The difference between groups 3 and 4 was
also significant (p<O.0l25). Group 4 had a higher percentage of fetuses with incompletely
ossified supraoccipital bone compared to group 3.
In addition, some fetuses did not have the foramen structure at all. This was consid
ered a variant (table 3.12). Differences among groups were observed (p<O.05), but when
comparisons were made between treatment pairs, the differences were not significant.
This is probably because the sample size in each group was too small.
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Other skeletal variants

The frequencies of skeletal variants are shown in table 3.13. Most of these have already
been described. In addition, one of the commonest skeletal variants was the occurrence of
a 14th extra rib, which either appeared at cervical or lumbar in position, and was either
rudimentary or full size (see Appendix A, photo 10). The presence of a 14th rib was
much more frequent in the two diabetic groups (p<O.OOl) but was not different between
groups 3 and 4. The other phenomenon found in the nondiabetic-alcohol group (group
2) was a short or rudimentary 13th rib. This was not found in other groups (p<O.OO1).
3.10.6

Bone areas

Although ossification centers were present in all groups, the extent of ossification was not
necessarily the same among groups. Therefore, the areas of ossified bone were measured
in the humerus, ulna, radius, femur, fibula, and tibia.
The areas of ossified tissue in each of these bones were significantly smaller in diabetic
groups compared to those in nondiabetic groups (p<O.OO1), but did not differ between
alcohol and water exposed groups (table 3.16).
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Table 3.16: Ossified tissue areas (mm
) measured in the selected bones (mean ± SD)
2
Group
1
2
Humerus* 3.32 ± 0.54 3.30 ± 0.26
Ulna*
1.22 ± 0.27 1.23 ± 0.15
Radius*
2.14 ± 0.46 2.23 ± 0.27
Femur*
1.71± 0.41 1.83 ± 0.37
Fibular*
0.92 ± 0.21 0.90 ± 0.13
Tibia*
1.91 ± 0.47 2.02 ± 0.35
Group 1: Non-diabetic on water
Group 2: Non-diabetic on alcohol
Group 3: Diabetic on water
Group 4: Diabetic on alcohol
* Diabetic significantly different from

2.62
1.00
1.64
1.32
0.66
1.62

3
±
±
±
±
±
±

0.39
0.15
0.33
0.35
0.09
0.32

2.45
0.91
1.40
1.08
0.58
1.34

4
±
±
±
±
±
±

non-diabetic, p<0.05

0.46
0.19
0.40
0.31
0.22
0.38

Chapter 4

Discussion

The major objectives of this study were: (1) to test whether a small amount of alcohol
administered during organogenesis has an effect on the outcome of pregnancy in nondia
betic rats; (2) to confirm the teratogenic effect of maternal diabetes on the fetus; (3) to
establish whether there is an interaction between alcohol and diabetes on the outcome
of pregnancy.

4.1

Calorie and water consumption

In the present study, the average daily calorie and water consumption were not signifi
cantly different between groups 1 and 2 during days 1-5 of gestation, when group 2 was
not administered alcohol; days 6-11, when group 2 was given alcohol; and days 12-20,
when group 2 was finished alcohol administration. These results demonstrated that the
administration of small amount of alcohol (2g/kg/day) during organogenesis (days 611) to nondiabetic rats (group 2) did not affect calorie and water intake. These results
are different from those of previous studies (Abel and Dintcheff, 1978a; Tze and Lee,
1975; Vavrousek-Jakuba et al., 1991), in which higher doses of alcohol were administered
chronically, and food and water consumption were depressed in alcohol consuming an
imals compared to controls. The results in the present study were also different from
those of Abel’s study (1978b). In that study, the daily amount of alcohol administered
was the same as that of ours, but chronically, and food and water consumption were
decreased.
71
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The average daily calorie intake and water intake of diabetic rats (groups 3 and 4)
were much higher than those of nondiabetic rats (groups 1 and 2) in the present study,
which is consistent with those of previous studies (Eriksson, 1984a; Giavini et al., 1986).
In diabetic rats, alcohol administration significantly reduced the average daily calorie
intake during the period of alcohol administration, and average daily water intake during
the period of alcohol administration as well as afterwards. Nevertheless, the calorie and
water intake by alcohol exposed diabetic rats were still significantly higher than those of
controls.

4.2

Reproductive performance

There was no significant difference between diabetic and nondiabetic rats in the propor
tion of rats apparently breeding, as determined by the presence of vaginal plugs (100%
in nondiabetic rats and 93.5% in diabetic rats). This is consistent with the study by
Giavini et al. (1986). However, not all rats which had vaginal plugs produced litters.
Of the animals with plugs, 100% of those in group 1 (controls); 90% of those in group
2 (non-diabetic, alcohol); 68% of those in group 3 (diabetic, water); and 61.5% of those
in group 4 (diabetic, alcohol) produced litters on day 21. That these differences did
not attain statistical significance may be due to the small numbers of animals in each
group. This is similar to the findings of previous studies (Eriksson et al., 1 989a; Eriksson
et al., 1982), in which it was found that more diabetic rats failed to implant despite a
sperm-positive vaginal smear than was the case in nondiabetic controls.
The reason for this is not certain. However, it is clear that diabetes is not a dis
ease with simply abnormal carbohydrate metabolism. It is characterized by multiple
metabolic abnormalities, including abnormal protein and lipid metabolism. The de
velopment of the fertilized egg, embryo formation and fetal development are processes
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consisting of a high rate of cell division, requiring active protein synthesis. Altered pro
tein synthesis in diabetes obviously will affect these processes. If the fertilized egg cannot
develop properly, it possibly cannot implant later on. Therefore this may account for the
observation that diabetic rats often did not produce litters despite vaginal plugs. Even
in those dams with successful implantation, there may be an interference with the later
processes of development, resulting in resorptions or fetal malformations.
4.3

Weight gain

It has been observed that although overall maternal weight gain during pregnancy may be
normal, weight gain during organogenesis, or during a portion of organogenesis, may be
adversely affected by experimental treatments. For this reason Black and Marks (1986)
recommended that weight gain in rats be reported separately for days 6-10 of gestation
(where the weight of any embryos is insignificant) and during the treatment period, in
addition to the entire gestational period.
In the present study, the body weight gains were recorded separately for 3 periods
of the gestation (days 1-5, 6-11, 12-20). Diabetic rats gained less weight during all 3
periods of gestation and, as a result, weighed significantly less than did the controls
throughout gestation. These results corroborate previous studies in which diabetic rats
gained less weight than controls during gestation (Eriksson et al., 1989a; Eriksson et
al., 1989b; Eriksson and Jansson, 1984b; Sybuiski and Maughan, 1971; Urir-Hare et al.,
1989). However, the study by Giavini et al. (1986) was an exception, in that they found
that diabetic rats had a similar weight gain during gestation and their body weights were
not significantly different from controls at term. The reason for the differences in the
results from different studies is not known.
On the other hand, alcohol administration to nondiabetic rats via stomach tube
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during organogenesis (days 6-11 of gestation) at the level of 2g/kg did not affect body
weight gains during the period of administration or afterwards. At term, alcohol exposed
nondiabetic rats had similar body weights to those of controls. This result differs from
previous studies (Testar et al., 1986; Tze and Lee, 1975; Vavrousek-Jakuba et al., 1991),
in which depressed weight gain was found during pregnancy in rats following treatment
with higher doses of ethanol. Furthermore, in Abel’s study (1978b), the amount of alcohol
administered was the same as in the present study, and he too found a depressed weight
gain in rats exposed to alcohol during gestation. In that case, the pair-fed animals also
had a depressed weight gain. Abel suggested that the lower weight gain of the ethanoltreated animals was probably the result of ethanol’s depressant effect on food intake
rather than on the assimilation of food. Unlike Abel’s study, in the present study alcohol
was administered only for a short period during gestation (day 6-11 of gestation). Food
and water consumption were not affected by alcohol administration; therefore, calorie and
water consumption patterns were similar to those of controls. As a result, the weight
gain pattern did not significantly differ from that of the controls.
In the present study, a significant interaction between diabetes and alcohol exposure
on body weight gain from day 12 to day 20 of gestation was found. The difference in
weight gain during this period between diabetic and nondiabetic rats was greater in
alcohol exposed rats than in non-alcohol exposed rats. This difference was caused by a
trend toward greater weight gain in alcohol exposed rats than in controls, while weight
gain was less in the diabetic-alcohol group than in the diabetic-water group.

4.4

Outcome of pregnancy

Differences in the number of implantation sites per dam, litter size, mean number of
resorptions per litter and percentage of resorptions in each group, as well as in the
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number of litters with one or more resorptions were not statistically significant among
groups.
Our study is consistent with that of Eriksson et al. (1982) in terms of the implantation
sites, in which the implantation sites per dam were as numerous in diabetic dams as in
the controls.
With respect to the incidence of resorptions, our study is consistent with the study
by Giavini et al. (1986). In that study the incidence of resorptions in diabetic CD rats
was not different from that of the controls. However, many other studies had reported
much higher frequencies of resorptions in diabetic rats than in the controls (Eriksson et
al., 1989a; Eriksson et al., 1982; Eriksson, 1984a; Eriksson et al., 1989b; Urir-Hare et al.,
1989).
As for litter size, findings have not been consistent among studies. Some found smaller
litter size in diabetic rats (Eriksson et al., 1989a; Urir-Hare et al., 1989), while others
found that the mean litter size of the control and diabetic rats did not differ from each
other (Heinze and Vetter, 1987; Ornoy et al., 1984).
In the studies on alcohol exposed rats, some researchers reported no decrease in litter
size (Abel, 1978b; Kahns, 1968; Pilstrom and Kiessling, 1967), while others found a
decrease in litter size when rats chronically consumed large amounts of alcohol (Testar et
al., 1986; Tze and Lee, 1975). Chronic consumption of lower doses (1-2g/kg) of alcohol
throughout gestation, also has resulted in reduced litter size (Abel, 1978b).
The inconsistent findings among studies were probably due to differences in experi
mental conditions, such as the use of different strains of animals, or the differences in the
timing of breeding after the rats becoming diabetic. The different amounts of alcohol
administered and the different periods of alcohol administration may have been especially
important in producing different results in experiments on alcohol treated animals.
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Fetal and placental weights

In the present study, diabetic rats had lighter mean fetal weights but larger placentas
compared to nondiabetic rats. These are consistent with the findings of previous studies
(Eriksson et al., 1989a; Eriksson et al., 1982; Eriksson et al., 1989b; Eriksson and Jansson,
1984b; Giavini et al., 1986; Urir-Hare et al., 1989) in which reduced fetal weights and
heavier placentas were observed in diabetic rats.
It has been suggested that the increase in placental weight is a long-term compen
satory mechanism, aiming to secure a sufficient nutrient supply to the fetuses, since a
drastic reduction in placental blood flow to the diabetic fetuses had been reported by
Eriksson et al. (1984b).
Similarly, the combination of decreased fetal and increased placental weights has
also been reported in the fetuses of alcohol-treated rats (Gallo and Weinberg, 1986;
Gordon et al., 1985; Jones et al., 1981; Weinberg et al., 1990; Weinberg, 1985; Wiener
et al., 1981). It has been suggested that placental hyperplasia and hypertrophy may be
adaptive mechanisms brought into play to maintain normal placental function in alcoholconsuming females (Gallo and Weinberg, 1986; Weinberg, 1985). In those studies, rats
were all chronically exposed to high doses of alcohol. However, in our study, a low dose
of alcohol was administered and the exposure time was only from days 6-11 of gestation.
We did not find a decrease in fetal weight, nor an increase in placental weight in the
nondiabetic, alcohol exposed group.
It is noteworthy that a significant interaction between diabetes and alcohol on fetal
weight was found in the present study. The difference in fetal weight between diabetic
and nondiabetic rats was greater when rats were given alcohol than when given water.
This difference was caused by the trend that alcohol-exposed nondiabetic rats (group 2)
had bigger fetuses than controls (group 1) and alcohol-exposed diabetic rats (group 4)
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had smaller fetuses than diabetic rats not exposed to alcohol (group 3).
In addition, the ratio of fetal weight/placental weight was calculated in this study.
This ratio reflects the relationship of a fetus to its corresponding placenta. For exam
ple, two fetuses with different birth weights may have the same placental weight. If the
comparison were simply done between the two placentas without considering the corre
sponding fetuses, we would have not seen any difference. However, when fetal weight is
considered, the smaller fetus would have a relatively larger placenta, compared to the
bigger fetus. Therefore, the smaller ratio represent a relatively bigger placenta for the
size of fetus.
In the present study, whether exposed to alcohol or not, diabetic rats had lower f/p
ratio compared to nondiabetic rats. Interestingly, in nondiabetic rats, this low dose of
alcohol consumption raised the f/p ratio compared to controls. However, in diabetic rats
the same level of alcohol consumption did not have an effect on f/p ratio.
Similar observations in rats treated with low dose of alcohol have not been reported.
Low doses of alcohol during short periods of pregnancy have not been used in previous
studies.
It is difficult to explain the significant difference in f/p ratios between groups 1 and 2.
As neither fetal weight nor placental weight differed significantly between groups 1 and
2, the difference in ratios can not be ascribed to “better” placental development or to
retarded fetal development. Fetal weight tended to be greater in group 2 and placental
weight tended to be less in group 2, compared to group 1. It may be that the ratio is a
more sensitive parameter than either of its components.
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Malformations

A wide variety of external malformations were found in fetuses of diabetic rats, but
none were found in those of nondiabetic rats regardless of whether the animals were
exposed to alcohol or not. The malformations observed included: a variety of facial
defects, characterized by smaller lower jaw, no lower jaw, no mouth, tongue exposure,
otocephaly, and distorted face; missing tail; umbilical hernia/gastroschisis; severe edema;
and ectrodactyly. Malformed fetuses from diabetic dams have frequently been reported
in rats (Eriksson et al., 1989a; Eriksson, 1984a; Giavini et al., 1986; Giavini et al., 1990;
Urir-Hare et al., 1989). The malformations found in those studies included subcutaneous
edema, micrognathia, hepatomphalocoele, exencephaly, absence of the tail (Eriksson et
al., 1989a; Eriksson, 1984a; Giavini et al., 1986). The results from those studies together
with those of the present study illdicate that a variety of external malformations occur
in experimental diabetic animals and there was no specific malformation consistently
observed across studies. This is in agreement with the observations in other studies,
summarized by Eriksson et al. (1982).
Similarly, a variety of skeletal malformations were observed in both diabetic groups
in the present study. These included: cleft sternum, malformed ribs (bifurcated or fused
ribs), vertebral malformations (arch or center), malformed arm joint, missing bone in
skull, etc. A wide spectrum of skeletal malformations was also found in other studies
with diabetic rats (Baker et al., 1981; Eriksson et al., 1989a; Giavini et al., 1986; Giavini
et al., 1990; Urir-Hare et al., 1989), including fused ribs, malformed vertebrae, scoliosis,
absence of the tail together with caudal vertebrae (i.e. sacral dysgenesis), a failure of
neural tube fusion, and split sternum.
The lack of consistent malformations observed in different studies may be caused
by different timing of inducing diabetes in the animals. The different strains used in

Chapter 4. Discussion

79

studies may be another possible factor which caused the observations of a wide variety
of malformations. There may be genetic differences in susceptibility, and vulnerability
may be different at different time points during organogenesis.
Unlike studies in mice, malformations were not found frequently in most studies of
alcohol treated rats (Abel and Dintcheff, 1978a; Abel, 1978b; Abel, 1979a; Lee and
Leichter, 1983; Testar et al., 1986), especially in study of low dose alcohol consumption
(Abel, 1978b), except for the study by Tze and Lee (1975).
In the present study, all malformed fetuses were from diabetic dams. However, the
frequency of external malformations was significantly higher when diabetic rats exposed
to alcohol were compared to diabetic rats not exposed to alcohol. This indicates that low
dose of alcohol administered during organogenesis may act synergistically with maternal
diabetes to produce external malformations in the fetuses. However, the mechanism is
not known at present.
4.7

The proposed mechanisms for malformations

The search for a teratogenic agent in diabetes is complicated by the fact that diabetes
is not simply a disorder of carbohydrate regulation. Diabetes is responsible for a loss
of normal homeostasis not only of carbohydrate but of fat and protein metabolism as
well. Vascular complications may lead to additional metabolic changes such as hypoxia or
impaired renal clearance of toxins. In short, there are multiple factors in the disordered
milieu of the pregnant diabetic which could be teratogenic (Mills, 1982).
Although the precise etiology of malformations in diabetic pregnancy is obscure, ma
ternal hyperglycemia is one suspected etiology. In some in vitro rodent embryo culture
systems, it has been confirmed that severe malformations can be caused merely by in
creasing the glucose concentration of the culture medium (12 to 15 mg/ml, which is 8 to
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10 times the level of glucose present in normal rat serum (Cockroft and Coppola, 1977),
or 5 or 8 mg/ml, which are very close to the level of glucose present in severe diabetic
rat serum (Sadler, 1980)).
The study by Eriksson et al. (1989b), demonstrated the importance of well regulated
glucose homeostasis during pregnancy. It was shown in this study that diabetic animals
with continuous insulin treatment gained weight at normal rate, and the fetuses showed
few resorptions and no malformations. When insulin treatment was interrupted, the
pregnant animals lost weight, and congenital malformations were found. The marked
clustering of malformations were found in fetuses of diabetic rats with insulin-interruption
between days 6 and 10 of gestation.
However, abnormal glucose metabolism may not explain all malformations. Eriksson
et al. (1989b) observed that rats that produced malformed offspring were not markedly
different from those that did not give birth to malformed offspring. The maternal weight
losses during the period of interrupted insulin therapy were similar, and resorption rates
were also similar in the litters with and without malformed offspring. Serum levels of
glucose, cholesterol, urea, and creatine did not differ between the pregnant rats. On the
other hand, the marked elevation of /3-hydroxybutyrate and triglycerides in the serum
of animals with malformed offspring may indicate that the teratogenic environment also
includes a severe disturbance of maternal lipid metabolism in addition to glucose dysreg
ulation (Eriksson et al., 1989b).
Trace metal imbalances is another possible etiology of congenital malformations in
diabetic pregnancy. One trace metal which may be important is zinc. Although the eti
ological relationship between congenital malformations in diabetic pregnancy and fetal
zinc deficiency is so far obscure, there is ample evidence to indicate that zinc deficiency
in itself may cause a number of disturbances in the feto-maternal development. A variety
of external as well as skeletal malformations have been demonstrated in the fetuses of
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zinc deficient rats (Da Cunha Ferreira et al., 1989; Hurley and Swenerton, 1966; Hur
ley, 1981). The external malformations found in fetuses of zinc deficient rats include:
cleft palate; exencephaly; meningoencephalocele; meningocele; hydrocephaly; microph
thalmia; micrognathia; umbilical hernia; gastroschisis; syndactyly; shortening of limbs;
limb dysplasia; oligodactyly; short, angulated, wavy, and curly tails; heart abnormalities;
lung abnomalities; urogenital abnormalities; spina bifida, etc. Skeletal malformations in
fetuses of zinc deficient rats occurred in almost all skeletal districts, such as skull, spine,
tail, ribs, sternum, and limbs. Most of these malformations described above have also
been found in fetuses of diabetic rats.
It should be noted that a zinc deficiency has been demonstrated in diabetic rats
(Eriksson, 1984a). It has been suggested that zinc deficiency is an important cause
of growth retardation and congenital malformations also in the offspring of diabetic
mothers. On the other hand, in the study by Eriksson (1984a), there were no differences
in trace metal concentrations between normal and malformed fetuses.

This finding,

however, might imply that fetal trace metal disturbances do not always become manifest
as malformations and that zinc deficiency in particular may play a permissive role in the
etiology of malformations in the offspring.
Fetal hyperinsulinism, which is secondary to the hyperglycemia, was considered to be
the causative factor, since Laadauer and Duraswami (Giavini et al., 1986) had shown that
high concentrations of insulin provoked vertebral anomalies in chick embryos (Giavini et
al., 1986). In addition, the low molecular weight somatomedin inhibitors have proved to
be teratogenic (Giavini et al., 1986).
Genetic factors might also play a role in the genesis of malformations. In a substrain
of Spraque-Dawley rats that is prone to fetal malformations, there is the interaction
between genetic factors and the metabolic derangement of diabetes that is necessary for
the induction of skeletal malformation (Eriksson, 1988), but the nature of the genetic
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predisposition is not yet clear. It is, however, noteworthy that diabetes exacerbates
changes in proteoglycan metabolism in cartilage that are more severe in this substrain
than in other Spraque-Dawley substrains (Eriksson et al., 1986).
With respect to the mechanism of teratogenic effect of alcohol, it is still unclear.
Ethanol appears to be the principal agent responsible for fetal alcohol syndrome, however,
a growing body of evidence suggests that acetaldehyde, with its inhibiting effect on DNA
synthesis, placental amino acid transport, and morphologic alterations in the CNS of
the developing mammalian embryo, could explain most of the abnormalities seen in fetal
alcohol syndrome. The varying effects seen in the offspring of chronic alcoholic mothers
ingesting a similar amount of alcohol may be due to differences in the ability to metabolize
alcohol. Deficiencies of zinc, which is involved in a variety of metalloenzymes including
alcohol dehydrogenase (ADH) and protein synthesis, may also be contributory (Kumar,
1982).
In the present study, diabetes combined with alcohol consumption during pregnancy
increased the frequency of external malformations compared to the solely diabetic preg
nancy (almost tripled the malformation frequency, 12 vs 4.5%). It seems that the two
factors may synergistically act together. However, the mechanism whereby they act
together is not understood at present.

4.8

Skeletal ossification

The toxic effects of a drug on the fetal development may manifest itself not only in terms
of malformations but also in terms of retarded ossifications. It has been demonstrated
that the stage of fetal skeletal development can provide an additional, reliable index of
retarded fetal development, in addition to fetal weight (Aliverti et al., 1979). Therefore,
evaluation of the stage of ossification attained by the fetus is important in studies on
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teratogenesis.
Aliverti et al. (1979) have suggested that certain ‘districts’ of the skeleton provide
particularly sensitive indices of the stage of fetal ossification. These are: metacarpus,
metatarsus, sternum, cervical and caudal vertebrae, and anterior and posterior proximal
phalanges. All of these districts of the skeleton were examined in the present study. In
addition, the thoracic, lumbar, and sacral vertebrae, and skull were also examined.
4.8.1

Number of ossification centers

The ossification centers were coullted in the districts mentioned above except the proximal
phalanges, which did not yet show ossification centers either in control or other treatment
groups. As in my study, the studies of Lee and Leichter (1983) and Eriksson et al. (1989a)
showed that the anterior and posterior proximal phalanges of control and treated rats
were not ossified.
Studies have consistently shown that fetuses from diabetic mothers have fewer ossifi
cation centers in most locations (Eriksson et al., 1989a; Eriksson et al., 1982; Urir-Hare et
al., 1989). It has also been reported that fetuses from rats consuming chronic high doses
of alcohol have fewer ossification centers compared to those from control and pair-fed
rats (Lee and Leichter, 1983).
In the present study, fetuses from diabetic rats had fewer ossification centers than
those of nondiabetic rats in the districts of metacarpus, metatarsus and sternum. Some
fetuses of diabetic rats had no ossification centers in these districts. Fetuses of diabetic
dams had vertebral ossification centers which extended less cephalically and caudally
and had ossified vertebral arches which extended less caudally, compared to the fetuses
of nondiabetic dams. These results indicated that fetuses of diabetic dams had retarded
skeletal development relative to those of nondiabetic rats, which is consistent with pre
vious studies (Eriksson et al., 1989a; Eriksson et al., 1982; Urir-Hare et al., 1989). It
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is noteworthy that the fetuses of diabetic dams weighed significantly less than those of
nondiabetic dams. This means that the development of the whole fetus was retarded,
and the retarded skeletal development does not seem to be specific.
Alcohol exposure did not have an effect on the average number of ossification centers
in the metacarpus, metatarsus, and sternum. Interestingly, in nondiabetic rats, fetuses of
alcohol-exposed rats had vertebral ossification centers which extended more cephalically
and caudally and had ossified vertebral arches which extended further caudally compared
to those of non-alcohol exposed rats. However, the same effect of alcohol exposure was
not found in diabetic rats. This indicates that small amounts of alcohol may enhance
fetal development in fetuses of nondiabetic rats, but not in those of diabetic rats.
4.8.2

Skeletal variations

Abnormally shaped skeletal elements, though a spontaneous phenomenon, can be in
creased in frequency in rat and mouse fetuses following maternal administration of drugs,
such as thalidomide, salicylate, retinoic acid, diphenylhydantoin, and etc (Fritz and Hess,
1970).
In the present study, the irregular shapes observed in the sternum includes dumbbellshaped, asymmetrically dumbbell-shaped, asymmetrical and asymmetrically dumbbellshaped, simple asymmetrical, cleaved (bipartite), asymmetrical and cleaved, unilater
ally ossified. Those observed in vertebrae includes: asymmetrical, dumbbell-shaped,
asymmetrically dumbbell-shaped, asymmetrical and asymmetrically dumbbell-shaped,
cleaved, cleaved and asymmetrically ossified, unilaterally ossified, and unossifled. Whether
the bipartite ossified centers occur as part of the usual sequence of the development is
not clear. It has been noticed that in the rat and mouse, some “bipartite” and dislocated
sternebra may remain permanently altered (Fritz and Hess, 1970). Findings of this sort
are usually listed under the heading of skeletal anomalies and can be shown to vary in
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frequency depending on the stock or strain of animal concerned. However, it has been
found that dumbbell-shaped thoracic vertebral centers or bipartite sternebral centers can
be completely ossified after term (Fritz and Hess, 1970). Therefore, it is difficult to tell
at the time of examination whether an irregularly shaped center will become “normal”
or not later on. This caused trouble for categorizing the findings.
In the present study, these irregular shapes were considered to have no significant bio
logic effect on animal health or on body conformity and represented only slight deviations
from normal (Fujinaga et al., 1989), as these may happen in control group. Therefore,
they were categorized as developmental variants.
The dumbbell-shaped, cleaved and unilaterally ossified centers were pooled together
and referred as “poorly ossified centers” in this study. It has been found that not only
there were more fetuses with poorly ossified sternebral centers, thoracic and lumbar
vertebral centers but there were also more poorly ossified centers per fetus in these
districts in diabetic than in nondiabetic litters. Also, more fetuses of diabetic dams had
sternebral ossification centers with lack of apposition than fetuses of nondiabetic dams.
Alcohol exposure itself did not have an effect on the shape of sternebral ossification
centers. It should be noted, however, that diabetic rats exposed to alcohol had signifi
cantly more fetuses with poorly ossified thoracic centers than diabetic rats not exposed
to alcohol. Similarly, more fetuses of diabetic rats had poorly ossified cervical arches
compared to those of nondiabetic rats. Diabetic rats exposed to alcohol had more fe
tuses with poorly ossified cervical arches than diabetic rats not exposed to alcohol. These
results indicate that the administration of small amounts of alcohol during organogenesis
may exacerbate the toxic effect of maternal diabetes on the formation of thoracic cen
ters and cervical arches, although alcohol itself did not show this effect. However, how
maternal diabetes and alcohol administration act together is not clear at this time. It
has been observed that the fetuses with more bone retardation are those very small ones.

Chapter 4. Discussion

86

And there is a trend that the average fetal weight in diabetic-alcohol group was smaller
(table 3.8). More skeletal retardation could be secondary to more retardation overall.
The presence of the 14th extra rib was much more frequent in the two diabetic groups.
Only one fetus in group 2 had a 14th rib and none in the control group. The occurrence
of an accessory rib structure is not considered to be a malformation, but it is thought
that an increase in their incidence during teratogenicity tests, if not already associated
with increased malformations, indicates that the embryotoxic range of dosage is being
approached (Wilson, 1973). In the present study, the occurrence of the 14th rib signif
icantly increased in fetuses of diabetic rats, while malformations were also increased in
fetuses of diabetic rats. Therefore, the presence of the 14th rib probably indicates the
embryotoxic effect of maternal diabetes.
The other variation observed in this study was the short or rudimentary 13th rib,
which specifically occurred only in the alcohol treated group (group 2). Whether this in
dicates retarded fetal development is not established. If so, it is contrary to the findings
that fetuses of nondiabetic alcohol-exposed rats had vertebral ossification centers ex
tended more cephalically and caudally and had ossified vertebral arches extended more
caudally compared to those of non-alcohol exposed rats, which suggested that small
amounts of alcohol may enhance fetal development.
4.8.3

Ossification of the skull

In a study by Fritz et al. (1970), it was found that the bones of the skull were completely
ossified on day 21, with the exception of the siipraoccipital bone, which was dumbbell
shaped in a few fetuses.
Our findings in control rats are consistent with those of Fritz et al. In our controls,
only 2 fetuses had unossified hyoid bones, one fetus had unossified presphenoid bone and
4 fetuses had dumbbell-shaped supraoccipital bone. The rest of bones in the skull were

Chapter 4. Discussion

87

completely ossified in all fetuses of controls.
However, in the diabetic groups significantly more fetuses had a total absence of os
sification in presphenoid bone compared to nondiabetic groups. There was no difference
between the alcohol exposed group and the water exposed group. The most impressive
finding is the ossification of supraoccipital bone. In both diabetic groups, except for a few
fetuses with a complete lack ossification of supraoccipital bone, most fetuses had supraoc
cipital centers which were either dumbbell-shaped or bipartite. This higher frequency of
incompletely ossified supraoccipital bone in diabetic rats compared to nondiabetic rats
obviously demonstrated a retarded skull development in the fetuses of diabetic dams.
It should be noted that when diabetic rats were exposed to alcohol, the frequency of
incompletely ossified supraoccipital bone in the fetuses was significantly higher than that
in diabetic rats not exposed to alcohol.
Significantly more fetuses in the nondiabetic, alcohol exposed group (group 2) failed
to show ossification centers in hyoid bone, compared to controls. Similar results were also
reported by Lee and Leichter (1983). In that study, they reported that most fetuses in
alcohol exposed group did not show ossification centers in hyoid bone, but did in controls.
However, unossified centers were also found in other bones of the skull. In that study,
the amount of alcohol administered was high, and administration was chronic compared
to that of the present study. At the low dose of alcohol administration, why the hyoid
bone was affected but not other bones is difficult to understand.
4.8.4

Bone areas

The number of ossification centers can only tell whether the bone has ossified or not, but
not the extent of the ossification. Therefore, the ossified tissue areas were measured in
humerus, nina, radius, femur, fibula and tibia of the fetuses. Fetuses of diabetic groups
(groups 3

4) had significantly smaller areas for all these bones, compared to nondiabetic
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groups. This provided further evidence that the fetuses of diabetic dams had retarded
skeletal development.
To summarize the findings in the skeletal examination, we have demonstrated that:
(1) the fetuses of diabetic dams had a retarded skeletal development as follows: The
fetuses of diabetic dams had a smaller number of ossification centers in metacarpus,
metatarsus, and sternum, and had vertebral arches and centers which extended less
cephalically and/or caudally. Not only were there more fetuses with poorly ossified
sternebral, thoracic vertebral and lumbar vertebral centers but there were also more
poorly ossified centers per fetus in these districts. More fetuses had sternebral ossifica
tion centers with lack of apposition. More fetuses had poorly ossified cervical arches.
For the skull, more fetuses had an absence of presphenoid bone, incompletely enclosed
foramen, and poorly ossified supraoccipital bone. The 14th extra rib occurred frequently
in fetuses of diabetic dams compared to those of nondiabetic dams. Fetuses of diabetic
dams had smaller bone areas in humerus, ulna, radius, femur, fibula and tibia; (2) alcohol
exposure alone seemed to enhance skeletal development with vertebral ossification cen
ters extended more cephalically and caudally and ossified vertebral arches extended more
caudally. On the other hand, significantly more fetuses had absence of ossification centers
in the hyoid bone and a 13th short rib, possibly indicating retarded skeletal ossification;
(3) interaction between diabetes and alcohol on several parameters was observed. More
fetuses had poorly ossified thoracic vertebral centers, poorly ossified cervical arches, and
poorly ossified supraoccipital bone in alcohol exposed diabetic rats than in nonalcohol
exposed diabetic rats. This possibly indicates that small amount of alcohol administra
tion during organogenesis could exacerbate the toxic effect of maternal diabetes on the
fetuses.
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The effect of alcohol consumption

In the present study, alcohol was administered at the level of 2g/kg/day, which is ap
proximately equivalent to 4oz absolute alcohol (8 average-sized drinks per day) consumed
by a 60kg woman. The peak blood alcohol level was 73.3mg/dl which was comparable
to a level at which some adverse effects of alcohol on the offsprings of both human and
animals were observed.
However, the alcohol administration alone did not have any adverse effects on the
fetuses of group 2 rats. This may be caused by the transient blood alcohol level and
short period of alcohol exposure in this experiment.
Although alcohol consumption alone did not show any visible effects in this study,
we did observe an interaction between alcohol and diabetes. However, we can not tell
whether the observed interaction was the direct or indirect effect of alcohol, since the
alcohol exposed diabetic rats significantly reduced their calorie and water consumption
compared to the non-alcohol exposed diabetic rats.

Without pair-fed controls, it is

hard to say whether the undernutrition in alcohol exposed diabetic rats interacted with
diabetes, which caused the more severe adverse effect in this group.

4.10

Summary and conclusion

To summarize, the results of this investigation support the view of previous studies
that maternal diabetes is teratogenic to the offspring in terms of significantly increased
malformation rate, retarded fetal development (small fetal weight, big placenta, and
retarded skeletal ossification).
Consumption of small amount of alcohol (2g/kg) during organogenesis (days 6-11 of
gestation) did not seem to intoxicate the dams. Body weight gain was at a normal rate,
and there was a larger f/p ratio compared to controls. In terms of skeletal development,
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alcohol exposure seemed to enhance bone development, with the exception of a few fetuses
with absence of ossification centers in the hyoid bone and the short 13th rib, possibly
indicating retarded skeletal development.
A significant interaction between maternal diabetes and alcohol administration during
organogenesis was observed. Fetal external malformation rate was significantly increased
in alcohol exposed diabetic rats compared to nonalcohol exposed diabetic rats. Further
more, more fetuses had poorly ossified thoracic vertebral centers, poorly ossified cervical
arches, and poorly ossified supraoccipital bone in alcohol exposed diabetic rats than in
nonalcohol exposed diabetic rats. These observations suggested that a small amount
of alcohol consumption during organogenesis can exacerbate the embryotoxic effects of
maternal diabetes.

Appendix A

Photographs

91

Appendix A. Photographs

92

Photo 1: Fetuses on day 21 of gestation, fixed in 95% alcohol. The right fetus, which is
from a control dam, is about 2 times bigger than the left one, which is from a diabetic
dam exposed to alcohol.
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Photo 2: A fetus from a diabetic rat exposed to akohol, showing otocephaly.
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Photo 3: A fetus from a diabetic rat exposed to alcohol, showing
an absence of tail.
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Photo 4: A fetus from a diabetic rat exposed to alcohol, showing a gastroschisis.
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Photo 5: A fetal skeleton from a diabetic rat, showed the 5th left cervical arch bifurcated
and a cleft sternum.
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Photo 6: Ventral view of the fetal skulls on day 21 of gestation. Left skull is from a fetus
of control dam; right one is from a fetus of diabetic dam exposed to alcohol. Except for
the smaller size, the right skull is less ossified and has a missing zygomatic process and
zygoma bone.
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Photo 7: Fetal skeletons on day 21 of gestation stained with alizarin red S and alcian blue
8GS. From left to right, control (group 1); non-diabetic on alcohol (group 2); diabetic
on water (group 3); diabetic on alcohol (group 4)

.

In addition to the smaller size of the

fetuses from diabetic dams, the skeletons are less ossified (more blue color).

4
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Photo 8: A fetal skeleton from a control litter (skull removed). The focus is the normal
sternebral ossification centers.
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Photo 9: A fetal skeleton from a control litter (skull removed). The focus is the normal
vertebral ossification centers and cervical arches.
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Photo 10: A fetal skeleton from a diabetic rat exposed to alcohol, showed a rudimentary
extra rib on the left, and a short extra rib on the right. These extra ribs appeared at
lumbar position. In addition, this fetus showed a few poorly ossified vertebral ossification
centers.
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Appendix B. Chi-square tests, P values

Overall

lvs2

lvs3

lvs4

2vs3

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Breeding rate

NS

Pregnant rate

NS

% resorptions

NS

%

NS

litters with resorptions

% external malformed fetuses

%

litters with external

103

2vs4

3vs4

<0.05
NS

malformed fetuses

% malformed fetuses

NS

(external & skeletal)

% litters with malformed

NS

fetuses (external & skeletal)
The most cephalic vertebral

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

NS

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

NS

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

NS

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

NS

Hyoid

<0.01

<0.001

NS

NS

NS

NS

NS

Presphenoid

<0.001

NS

<0.001

0.002

<0.001

0.001

NS

Foramen

<0.001

NS

<0.001

<0.001

<0.001

<0.001

NS

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

center
The most caudal vertebral
center
The most caudal vertebral
arch (Left)
The most caudal vertebral
arch (Right)

Supraoccipital

NS

NS

Extra rib

<0.001

The 13th short rib

<0.001

-

-

Incomplete ossification of

<0.001

NS

<0.001

<0.001

Lack of foramen

<0.05

NS

NS

NS

NS

NS

NS

Poorly ossffied sternebral

<0.001

NS

<0.001

<0.001

<0.001

<0.001

NS

<0.001

NS

0.001

<0.001

0.0040

<0.001

NS

<0.001

NS

<0.001

<0.001

<0.001

<0.001

0.0039

<0.001

NS

-

-

-

-

NS

-

-

-

-

-

0.0118

supraoccipital bone

centers
Lack of apposition in
sternebral centers
Poorly ossified thoracic
centers
Poorly ossified lumbar
centers
Poorly ossified cervical
arches

<0.001

-

0.0133
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Diabetic

Alcohol

Interaction

Water D1-5 ave.

<0.001

NS

NS

Water DO-li ave.

<0.001

<0.01

<0.01

Water D12-20 ave.

<0.001

<0.05

<0.05

Calorie D1-5 ave.

<0.001

NS

NS

Calorie DO-il ave.

<0.001

<0.01

<0.01

Calorie D12-20 ave.

<0.001

NS

NS

BodywtDl

NS

NS

NS

Body wt D6

<0.01

NS

NS

Body wt D12

<0.001

NS

NS

Body wt D21

<0.001

NS

NS

Wt gain 1)1-5

<0.05

NS

NS

Wt gain DO-il

<0.001

NS

NS

Wt gain 1)12-20

<0.001

NS

<0.05

Implantation

NS

NS

NS

Resorption

NS

NS

NS

Live fetuses

NS

NS

NS

<0.001

NS

<0.05

Fetal wt
Placeutal wt

<0.01

NS

NS

f/p ratio

<0.001

<0.05

<0.05

Metacarpus (L)

<0.001

NS

NS

Metacarpus (R)

<0.001

NS

NS

Metatarsus (L)

<0.01

NS

NS

Metatarsus (R)

<0.01

NS

NS

Sternum

<0.01

NS

NS

Humerus

<0.001

NS

NS

Ulna

<0.001

NS

NS

Radius

Bone areas

<0.001

NS

NS

Femur

<0.001

NS

NS

Fibular

<0.001

NS

NS

Tibia

<0.01

NS

NS

Mean no. of poorly ossified

<0.001

NS

NS

<0.001

NS

NS

sternebral centers
Mean no. of poorly ossified
thoracic centers
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Dia at water

Dia at aic

Aic at non-dia

Aic at dia

(1 vs 3)

(2 vs 4)

(1 vs 2)

(3 vs 4)

Water D6-11 ave.

<0.001

<0.001

NS

<0.001

Water D12-20 ave.

<0.001

<0.001

NS

<0.01

Calorie D6-11 ave.

<0.001

<0.001

NS

<0.001

Wt gain. D12-20

<0.001

<0.001

NS

NS

Fetal wt

<0.001

<0.001

NS

NS

f/p ratio

<0.001

<0.001

<0.01

NS
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