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ABSTRACT

The purpose of this investigation was to study four possible 
factors which may influence birth malformations. These factors are:
(I) genetic seizure-susceptibllity, (2) maternal phenytoin therapy,
(3) maternal convulsive episodes and (4) maternal sound exposure.

Our studies showed that, (1) genetic seizure-susceptibility 
does not result in an increase in birth malformations. (2) Phenytoin
causes a dose-dependent teratogenic effect in both audiogenic seizure 
and non-audiogenic seizure rats. Non-audiogenic rats had greater 
incidences of fetal malformations than the audiogenic rats. Fetal body 
weights were also significantly reduced in a dose-related manner, but 
the audiogenic fetuses weighed significantly less than the comparable 
treated non-audiogenic subjects. (3) Maternal convulsive seizures
increase the incidence of fetal malformations in both audiogenic and 
non-audiogenic seizure rats.. However,. the audiogenic strain showed a 
greater sensitivity to the teratogenic action of convulsive episodes.
(4) The audiogenic sound stimuli causes a small but significant reduc
tion in the weight of fetuses born to non-audiogenic rats. However, 
visceral and skeletal defects were hot seen in these fetuses. These 
data suggest that epilepsy per se may not be as important a.tera
togenic factor as maternal phenytoin therapy or convulsive seizure 
episodes during embryogenesis.



CHAPTER 1

INTRODUCTION

Historical Overview 
The word teratology is derived from the Greek, teras, meaning 

monster. The science of teratology is, therefore, defined as "the 
study of monstrosities or abnormal formations in animals or plants" or, 
alternatively, as "that division of embryology and pathology which 
deals with abnormal development and congenital malformations" (Clegg 
1975).

Early attempts to explain congenital malformations followed 
two basic premises— either they were of prophetic significance, a con
cept held by the Babylonians, or they were evidence of the "Wrath of 
God" (Clegg 1975). In fact, various religious and astrological theo
ries were listed as possible causes of congenital malformations in 
ancient books (Pare 1573 as cited in Ballantyne 1904; Thompson 1930). 
For instance, in Bologna, Italy, a pamphlet published in 1576 showed 
ischiopagus twins (conjointed twins fused at the ischia) and discusses 
many theories concerning birth malformations ranging from "anomalies 
of the semen" to "the shape of the bed used for intercourse." The 
author distinguishes immediate, remote and final causes but stressed 
that this specific birth was due to the "Anger of God." It was be
lieved that only prayer and penitence could prevent the terrible



events which usually followed such monstrous births (see Sapadin 1964, 
for full account).

Reactions to malformations varies according to the attitude of 
the particular society. It is a common habit of man to either kill or 
adore unusual forms of life. Warkany (1977, p. 14) states "killing of 
malformed offspring is a rather common habit of animals, whereas, ador
ation of abnormal births is limited to man." In general, Western cul
tures are more likely to kill human monsters while Eastern cultures 
tend to deify them (Martin 1880). Exceptions to this generality were 
the twin girls born in 1495 that were joined at the forehead. These 
twins were considered to be a sign of harmony of the Pope, King and 
Christendom. Another example was the double-headed goddess found at 
Catal Hiiyiik in Turkey indicating that some of the dicephalic con
joined twins have been deified (Mellaart 1963). More often, however, 
these monsters were thought to announce a future disaster and were 
killed.

In Germany in 1932 the legal and ethical aspects concerning 
the separation or death of conjoined twins were raised (Leiter 1932). 
The father of conjoined twins had requested permission to allow the 
twins to die. This was refused and an attempt to separate them was 
made. During the operation it was found that only one of the twins 
could be saved because of a large defect in the bones at the site of 
attachment. The German law considered the sacrifice of one child to 
save the life of the other as homicide. On the other hand, it could 
have been argued that this double deformity was not two separate human



lives but one normal child with a malformation (Warkany 1977). The 
legal dilemma was solved when both children died after the surgery. 
Indeed, today the moral and ethical dilemma remains without a clear 
and concise answer as to what the obligations of society are to its 
malformed members.

In contrast to the conjoined twins, by far the more common type 
of birth defect is the single malformation (Warkany 1977). Monstrous 
infants are thought by some teratologists to be the basis upon which 
many of the deities of mythology have been formulated. For example, 
the sirens may have been derived from observations of sympodial fetuses. 
Atlas and Janus may have been suggested by observations of occipital 
encephalocele and diprosopus malformations respectively (Schatz 1901) .

Stories of a race of cyclops probably began with the recording 
of births of such cyclopic infants, and the embellishment of both the 
oral and written traditions of an era which ultimately led to the firm 
conviction that such a race of one-eye people actually existed (War
kany 1977). A similar course of events led to the frequent descrip- -a 
tion of men and races that had tails. Such races were thought to be 
in Ceylon, Formosa, Borneo, Sumatra, Africa, Paraguay and New Guinea 
among other places (Gould and Pyle 1897; Thompson 1930). Some of 
these stories are the result of artificial tails worn by some tribes 
during various rituals but others are due to observations of caudal 
appendages in the lumbar or sacrococcygeal regions of, malformed fe
tuses or to the hairy skin seen over a spina bifida occulta (Warkany



1977). Thus the stories of people with tails probably has its basis in 
teratological observations.

From the preceding paragraphs it is apparent that man has ■ 
sought to explain the developmental vagarities of man in ways that were 
based on the knowledge and experience of the time. Although it seems 
incredible today to believe that people thought there were races of 
bizarre individuals with double bodies, one eye or tails, it is only 
incredible because we have available to us a vast wealth of knowledge 
that was unavailable to them. Nevertheless, it is from the observa
tions of the past that the field of teratology has grown. Beginning 
in the early part of this century, teratologists have sought to verify 
or disprove the ancient theories of the origin of birth malformations. 
These theories can be grouped into five main categories (Ballantyne 
1904; Warkany 1977): (1) Omen of Events to Come, (2) Hybridization,
(3) Associations with Evil Spirits, (4) Maternal Emotions and (5) Bio
logical Theories . Malformations as omens of events to come have been 
present throughout history. Babylonian priests used birth malforma- . 
tions to predict the future (Ballantyne 1904; Warkany 1971, 1977).
This system of divination was transmitted for centuries through Egypt, 
Syria, Asia Minor, Greece, Rome and America (Warkany 1971). The "Omen 
Theory" has resulted in the persecution and death of many malformed 
children over the centuries.

The hybridization theory or the "mixing of gametes" theory was 
described in many ancient books and is still believed to be valid in 
some primitive societies, The Mosaic and Christian laws state that



sexual relations between man and animal were criminal: "And if a -man
lie with a beast, he shall surely be put to death; and ye shall slay 
the beast. And if a woman approach unto any beast, and lie down 
thereto, thou shalt kill the woman and the beast; they shall surely 
be put to death; their blood shall be upon them" (Bible, Levit. 20:15, 
16). For example, as reported by New Haven in 1641, a pig was born 
that had "but one eye in the middle of the face," and over that eye 
"a thing of flesh grew forth and hung downe, itt was hollow, and like 
a mans instrum' of gen'ation." The animal appears to be a cyclopic 
pig with a proboscus, a malformation not unknown to the species. How
ever, the people of New Haven did not. know this and they attributed 
the birth to the "unnatureall spell and abominable filthynes" of serv
ant, George Spencer, who had "butt one eye for use, the other hath (as 
itt is called) a pearle in itt" and closely resembled the eye of the 
pig. He was put on trial which continued from 1641 to 1642. He was 
finally executed on April 8, 1641, after the cyclopic sow had been 
"slain in his sight, being run through with a sworde." However, 
according to Clegg (1975), in 1964 a mother and her child were exe
cuted in Iraq because she gave birth to a baby with a well developed 
tail. The execution was carried out because they believe that the 
mother must have had sexual relation with a monkey!

Another theory of malformations is the "associations with Evil 
Sprits;. " This theory is related to the hybridization theory (Warkany 
1977). The malformations are thought to be caused by the association 
of the mother with "evil spirits," Birth defects like hairy neyi,



icthyosis, club feet, long and deformed ears and syndactylism were 
associated with satanic causes (Warkany 1977). Some of these beliefs 
persist even in our "enlightened culture" of today.

Also, among the ancient suggested causes of congenital mal
formations is maternal emotion (Pare 1573 as cited in Ballantyne 1904; 
Thompson 1930). It is still a common belief in primitive societies 
and some areas in Europe as a cause of birth defects. In these socie
ties it is not strange to hear, "your mother must have been frightened 
by a . . (Clegg 1975).

Concurrent with the mythical theories of birth defects, there 
existed a more rationally based biological explanation for these anoma
lies (Warkany 1977). Among the earliest references to environmental 
factors influencing fetal development is found in the Bible when an 
angel of the Lord warned the pregnant wife of Manvah: "Now therefore
beware, I pray, thee, and drink no wine nor strong drink and eat not 
any unclean thing" (Bible, Judges 13:4). It was during the period 
from the middle 1700’s through the early 1900’s that the concept of 
the influence of environment on the fetus was explored in an organized 
and systematic matter. Furthermore, during the last half of this 
period, there were major works describing in exceptional detail the 
knowledge on normal and abnormal human development (Ballantyne 1904; 
Schwalbe 1906). These treatise have provided the descriptive founda
tion from which modem teratology has grown.

The most recent biological explanations are centered on the 
role of heredity in abnormal fetal development (Warkany 1977; Wilson



and Fraser 1977). Even though the 1866 theory of heredity by Mendel had 
been reported many years earlier, it was not until its "rediscovery” in 
1900 that teratologists began to develop genetic explanations for mal
formation (Farabee 1905) . Heredity is now considered to be one of the 
factors influencing birth defects (Warkany 1977; Wilson and Fraser 1977) .

In spite of the progress, that has been made in the scientific 
understanding of birth malformations, there is a paucity of knowledge 
on the molecular mechanisms that result , in fetal anomaly. This desire 
for knowledge has led to the development of the field of experimental 
teratology, This scientific discipline had its birth in the 1940’s 
when Warkany and coworkers showed the role of maternal dietary defi
ciencies and x-irradiation on the formation of intrauterine malforma
tions (Wilson and Fraser 1977) «. This observation ran counter to the 
widely held view that the fetus developed within the virtually imper- - 
vious .shelter of the uterus where it was protected from extrinsic 
factors (Wilson and Fraser 1977). In 1929, Goldstein and Murphy ob
served terata in the offspring of women and animals exposed to ionizing 
radiations during pregnancy, but the influence of environmental factors 
on mammalian embryos did not immediately receive much attention. In 
1941, Gregg and others found that rubella virus influenced the develop
ment of mammalian embryo, but this finding made little impact on the 
scientists of that time concerning the possibility that other extrinsic 
factors might also adversely affect the human embryo. The real under
standing of the influence of extrinsic factors on the human embryo came 
after Lenz (1961) and McBride (1961) who observed the appearance of an



epidemic of limb-reduction malformations in new born infants born to 
mothers taking a presumably harmless sedative-hypnotic drug, thalido
mide. The discovery of the adverse effect of thalidomide drew atten
tion to the fact that some environmental agents previously thought to 
be harmless, could cause severe defects in fetuses. This also led to 
a series of governmental regulations directing the chemical and pharma
ceutical industries to make evaluations of the safety of their products 
for use in pregnant women. These regulations have probably contributed 
to a reduction in the incidence of drug induced fetal malformations.

Mechanisms of Birth Defects
Wilson (1973) and Wilson and Fraser . (1977) have suggested sev

eral mechanisms by which environmental factors initiate the events 
leading to abnormal fetal development. These mechanisms represent the 
earliest reaction of the developing biological system to teratogens. 
These events occur at the molecular level and are, therefore, not 
easily observed. Nevertheless, they lead to more apparent pathologies, 
of cell death or tissue malformation (Wilson and Fraser 1977).

Mutations are responsible for all genetic developmental defects 
(Wilson 1973; Wilson and Fraser 1977). They are caused by changes in 
the sequence of DNA nucleotides with the result that transcriptional 
errors occur in RNA and ultimately result in errors in protein synthe
sis. Wilson and Fraser (1977) estimates that 20-30% of human develop
mental malformations are caused by mutational changes in a previous 
germinal cell line. Ionizing radiation and various chemicals are known 
to be mutagenic (Freese 1971; Wilson and Fraser 1977),



Chromasomal abnormalities are thought to produce a small pro
portion (3% or less) of human errors in development. The exact rela
tionship between teratogens and chromosomal errors is obscure.
However, a variety of environmental agents, such as irradiation, viral 
infections and chemical agents, have been shown to produce nondisjunc
tion and breaks of chromosomes (Uchida arid Curtis 1961; Sigler et al. 
1965; Shaw 1970; Saxen and Rapola 1969),

Interference with the mitotic process is teratogenic (Sinclair 
1950; Hoglund 1952; Nishimura 1964). This fact should not be particu
larly surprising in light of the rapid rate of cellular proliferation 
which is characteristic of embryonic development (Wilson 1973). Anti
mitotic agents may interfere at several possible sites in the mitotic 
process (Wilson 1973). First, they may reduce DNA synthesis and stop 
the replication of chromosomes. Second, they can retard formation and 
separation of the chromatids. Third, they can inhibit formation or 
maintenance of the microtubules which form the mitotic spindle. Fin
ally, teratogens may block mitosis through various molecular mechanisms 
such as production of peroxides and free radicals or dissolution of the 
mitotic spindle.

Another teratogenic mechanism is through alterations in the 
integrity or function of nucleic acids. The best illustration of this 
mechanism is found in the antineoplastic drugs (e.g., actinomycin D,
5 fluorouracil, cytosine arabinoside). Although the agents possess 
different molecular sites of interference (i.e., interfering with DNA 
or ENA synthesis or function; incorporation into DNA as a "false
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nucleotide base"; interfering with RNA-direction protein synthesis), 
the final action is an interruption in the normal function or integrity 
of nucleic acids.

Deficiencies in embryonic development may result from decreased 
supply of the essential nutrients and metabolites from the maternal 
source to the embryo. This may be caused by a maternal nutritional 
deficiency, a defect in placental transfer and/or the competitive anti- 
metabolites (Wilson 1973).

Alterations in energy metabolism in the developing embryo/fetus 
was suggested as a teratogenic mechanism twenty years ago (Runner 1959). 
There is some experimental evidence to support this hypothesis, how
ever, by no means is the evidence conclusive. In fact, some recent 
experiments have cast some doubts upon a simple cause and effect rela
tionship between derangements in embryo/fetal energy metabolism and 
birth defects (Wilson 1973). Part of this disparity, in effect, may 
be the result of differences in which a species relies on anaerobic 
and aerobic metabolism. Furthermore, even within a given species, 
there is a change in the ratio of anaerobic/aerobic metabolism as de
velopment progresses with aerobic metabolism becoming more important 
as parturition approaches (Wilson 1973). Nonetheless, this mechanism 
remains as a factor in the production of developmental defects.

Inhibition of enzyme systems that occupy key positions in 
embryo/fetal development will result in death or various types of 
congenital defects. The experimental evidence to support this conjec
ture is, however, scanty (Wilson 1973). Some suggestive animal
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experiments have shown that agents that interfere with dihydrofolate 
reductase, an enzyme required for single carbon syntheses of purines 
and pyrimidines, causes extensive birth malformations (Nelson 1963).
It is reasonable to assume that any agent which causes a widespread 
inhibition of enzymes would cause lethality rather than developmental 
defects (Wilson 1973).

Osmolar imbalances have been rather conclusively shown to pro
duce marked birth anomalies by changing the fluid pressures and vis
cosities in the embryo (Grabowsky 1966; Wilson 1973). Changes in 
osmotic composition of the fluid in various compartments leads to 
physical deformities and hemmorrhages (Grabowski and Tsai 1968). 
Therefore, mechanical distortions are the primary cause of the birth 
defect while the events leading to the fluid and electrolyte imbalance 
are the secondary cause. These later events are only poorly under
stood at this point.

Finally, another teratogenic mechanism is an alteration in 
membrane characteristics. Experimental or clinical support for this 
mechanism does not exist. However, based on theoretical considerations, 
this is a plausible mechanism. Changes in membrane characteristics 
would result in alterations in membrane permeabilities and, thereby, 
lead to osmotic imbalances and edema, It would be the later event 
which would ultimately cause the developmental defect (Wilson 1973).
The significance of this teratogenic mechanism in producing terata 
would be dictated by the severity of the membrane defect, the number 
of membranes affected and the time of its occurrence.
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In the above paragraphs the various teratogenic mechanisms 

have been discussed briefly. It should be noted that there is some 
degree of overlap between all of the mechanisms and, indeed, there may 
be additional ones to be discovered.

Epilepsy and Birth Defects
Although maternal drug therapy should be avoided during preg

nancy, there are some medical problems which require drug therapy even 
during this time. One such state is epilepsy. The symptoms of epi
lepsy are usually controlled only by the chronic administration of 
anticonvulsant drugs such as, phenytoin,- phenobarbital, mephobarbital, 
carbamazepine and primidone. It is common knowledge that the first 
three months of human pregnancy represents the time of greatest vulner
ability for the conceptus (Wilson 1973; Wilson and Fraser 1977). So it 
should not be a completely unexpected finding that the children born to 
epileptic women have a higher incidence of birth malformations than 
found in the general population (Speidel and Meadow 1972; Fedrick 1973; 
Hill 1973, 1976; Lowe 19.73; Mons.on et al. 1973; Aase 1974; Annegers et 
al. 1974; Higgins and Comerford 1974; Biale, Lewenthal and Benaderet 
1975; Dabee, Hart and Hurley 1975; Hirschberger and Kleinberg 1975; 
Zackai et al. 1975; Janz 1975; Anderson 1976; Waziri, lonasescus and 
Zellweger 1976) . Several workers have implicated maternal phenytoin 
therapy with birth anomalies (Speidel and Meadow 1972; Lowe 1973; Hill 
1973; Biale et al. 1975; Dabee et al. 1975). Others have suggested 
that malformations are the result of interaction between familial 
genetic background and/or the frequency of maternal seizure episodes
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during the critical first trimester of pregnancy (Editorial 1972; Mon- 
son et al. 1973; Janz 1975). None of these reports have satisfactorily 
accounted for all of the factors simultaneously. In fact, most of the 
literature is made up of retrospective or anecdotal clinical reports. 
These studies provide a highly suggestive correlation between maternal 
anticonvulsant therapy, mainly phenytoin, and an increased number of 
birth defects. In addition, there is a growing body of evidence that 
phenytoin produces fetal malformations in mice and rats (Gibson and 
Becker 1968; Elshove 1969; Harbison and Becker 1969, 1972). Even 
though there is not always a complete correlation between drugs that 
produce birth defects in animals and those that cause a similar tox
icity in man, the fact that phenytoin has been implicated in both cases
provides the most damaging case against phenytoin. So, the major con-( • • ■

cem is not whether phenytoin can cause birth malformations, because it 
can, but rather is phenytoin responsible for the increased incidence of 
birth defects in children born to epileptic mothers on phenytoin ther
apy. Another point of clinical and academic.interest is by what mecha
nism does phenytoin cause fetal defects.and what other factors may 
influence the teratogenicity of the drug.

Phenytoin represents the pharmacothefapeutic foundation in the 
therapy of major motor seizure disorders. It has been used extensively 
since 1938 (Goodman and Gilman 1975). It is considered a highly effec
tive anticonvulsant agent with, only minor toxicities in usual thera
peutic doses. Its teratogenic potential was first observed in mice in 
the early 1960’s (MeCo11, Globus and Robinson 1963 and then in man in
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1968 (Meadow 1968). The most frequently observed anomalies were cleft 
lip and/or palate, heart defects, hydrocephalus and a variety of skele
tal defects including shortened digital and long bones (McColl et al. 
1963, McColl, Robinson and Globus 1967; Harbison and Becker 1969;
Fedrick 1973; Hill 1973; Loughnan, Gold and Vance 1973). Furthermore, 
offsprings born to mothers (animal and man) on phenytoin therapy have 
a lower birth weight and rate of weight gain and somewhat higher inci
dence of mental retardation and/or brain defects. However, the cause 
and effect of these observations remains to be elucidated.

•Martz, Failinger and Blake (1977) have suggested that., the : - 
teratogenicity of phenytoin is the result of the formation of a highly 
reactive epoxide. The epoxide binds covalently to sites (DNA, proteins) 
in the developing fetus and initiates the teratogenic process.

Evidence of epoxide formation following phenytoin is indicated 
by the isolation of the trans-dihydrodiol metabolite of phenytoin (5- 
(3,4-dihydroxy-1, 5-cyclohexadi.en-l-YL)-5-phenyl hydantoin) from human 
and animal sources (Chang, Savory and Glazko 1970; Horning et al, 1971). 
Epoxides (arene oxides) are intermediates in the metabolism of most 
aromatic rings to trans-dihydrodiols (Boyland 1950; Jerina and Daly
1974). Arene oxide metabolites of polycyclic aromatic hydrocarbons 
and halobenzenes are known.to bind covalently to target tissue macro
molecules and thereby exert carcinogenic and hepatotoxic effects 
(Jerina and Daly 1974; Mitchell et al. 1975). Therefore phenytoin is 
possibly teratogenic through a similar mechanism, that is, epoxide 
formation and electrophilic attachment (covalent binding) on fetal
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macromolecules during critical periods of embryonic development (see 
Figure 1).

Epoxide

Terato genesis?

Fetal
Macromolecule

Phenytoin

OH/C
V VR

P-HPPH Transdihydrodiol
Figure 1. Putative Metabolic Mechanism for DpH-induced Teratogenesis. 

(Marts et al. 1977)

Another possible mechanism for the teratogenic action of pheny
toin (DPR) might be due to a disruption of folate metabolism. Support 
for this mechanism is found in the observation that maternal folate 
levels are reduced in women receiving phenytoin therapy (Biale et al.
1975). This antiepileptic drug induces an increase in microsomal en
zymes which accelerates the metabolism of folic acid. Since folic
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acid is required. as. a cofactor for the biotransformation of anticon
vulsant drugs (Sullivan and McElhatton 1975) decreased folate level in 
the pregnant woman reduce the rate of inactivation of the drug and con
sequently leads to an increase in the anticonvulsant blood level and 
possibly an increase in fetal toxicity. Furthermore, since folate is 
required for single carbon synthesis of purines and pyrimidines which 
are the building blocks of DNA and BNA, and since it is well known that 
folate antagonists cause birth malformations (Annegers et al. .1974; 
Wilson 1974; Sullivan and McElhatton 19.75) , it seems reasonable that 
if phehytoin induced folate reduction is severe enough then congenital 
defects could result. There is evidence in mice that folate therapy 
reduces fetal anomalies during DPH therapy (Hibbard and.Jeffcoate 1966), 
however, there is controversy in this regard (Kernis, Pashayan and 
Pruzahsky 1973;. Marsh and Fraser 1973).

Several reports have indicated that anticonvulsant drugs 
crossed the placenta, for instance, in a study done on 10 epileptic 
subjects, where 7 subjects were given DPH orally, and 3 subjects were 
given.DPH intravenously, it was found that DPH crosses.the placenta in 
all these subjects. Also, the same results were found on a study done 
on pregnant rats, where DPH was given by either intraperitoneal or

I
intravenous route (Mirkin .1971), Without this finding, any hypothesis 
of a direct toxicity to DPH would be lacking basic support. After DPH 
has entered into the fetus it recrosses the placenta and returns to 
the mother's liver before metabolism occurs.
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Another suggested mechanism for phenytoin induced teratology is 

that it interferes directly or indirectly with protein synthesis (Gab- 
ler and Falace 1970). Phenytoin is known to be metabolized by hydroxy- 
latidn, but when the metabolizing enzymes become saturated either by 
increasing the dose of DPH or by reducing, the quantity of enzymes for 
DPH metabolism, .the excess amount of DPH appears in the blood as free 
DPH (DeVore and Woodbury 1977). In a study done on pregnant and non
pregnant animals, it was found, that cytochrome— P450 concentration de
creased in pregnant rats at days 21 and 28 (DeVore and Woodbury 1977; 
Neale and Parke 1973). On the other hand., it was found that phenytoin 
administered to non-pregnant animals did not decrease the concentra
tion of P-450. until day 28 (DeVore and Woodbury 1977; Valerino et al. 
1973). The finding that pregnant rats treated with phenytoin have de
creased total liver protein and a decrease in total microsomal protein 
may be responsible for the reduction in fetal weight.and increased 
fetal mortality (Gabler and Falace 1970),

Reduction in protein synthesis by phenytoin also suggested by 
Girdwood and Lenman (1956) and Oppenheimer and Tavernetti (1962).



CHAPTER 2

OBJECTIVE

The intent of this investigation is to study the factors which 
influence birth malformations in epileptic and nonepileptic rats. The 
scope of the project included, (a) the determination of the incidence 
and type of fetal anamolies in two rat strains of differing seizure- 
susceptibility, (b) elucidation of the effect of phenytoin therapy on 
fetal development in the epileptic and nonepileptic rat strains and 
(c) comparing the influence of the frequency of convulsive seizure 
episodes on fetal outcome in both strains.
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CHAPTER 3

METHODS

Two strains of female rats were used, the audiogenic seizure 
susceptible rats (Sprague-Dawley descendant) (150-250 g) of The Univer
sity of Arizona (UAZ audiogenic rats) and the non-audiogenic seizure- 
susceptible Sprague-Dawley rats (Holtzman Company, Madison, Wisoncsin). 
The audiogenic seizure rats were screened prior to use for their audio
genic seiZufe-sus cep tibility by placing them in a cylindrical sound 
chamber and exposing them to the audiogenic stimulus (Jobe, Picchioni 
and Chin 1973). Sound-induced convulsion usually occurred within 10- 
15 seconds after the initiation of the sound stimulation. Each audio
genic subject was selected for the experiment if it had a maximal 
convulsion. The non-audiogenic rats, were exposed to.the sound stimulus 
in a manner similar to that described for the audiogenic animals, how
ever, only subjects that did not respond to the audiogenic stimulus 
were used. Only nullparous females were used throughout the study. 
After the audiogenic screening, audiogenic females and non-audiogenic 
females were housed separately in cages of five. Each rat was tatooed 
with an idenitification number. The females were mated with a male 
of the same seizure stock overnight. Each morning, vaginal smears 
were taken and examined for presence of sperm. The presence of sperm 
is considered as day zero of gestation. Pregnant audiogenic females 
were divided into four treatment groups. The first group (10-18
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animals/group) was given phenytoin suspension orally after 12 hours of 
fasting in doses of 100, 500 and 1000 mg/Kg (in a volume of 10 ml/Kg). 
Each animal was given a particular treatment from day 7-15 of gesta
tion. The second group (10-20 animals/group) is the vehicle control 
group and was administered phenytoin-vehicle in the same manner and 
volume as the phenytoin group. The third group (6-10 animals/group) 
was exposed to sound stimulation until each female convulsed. This 
was repeated two times per day (morning and night). The fourth audio
genic group (6-10 animals/group) served as the control group and was 
placed in the cylindrical sound chamber and was exposed only to the 
chamber for the average length of time of group three, about 15 sec
onds .

The non-audiogenic females were divided into five groups. The 
first group (10-18 animals/group) was administered the same doses of 
the phenytoin suspension in the same manner as described for the audio
genic animals. The second group (10-20 animals/group.) was the vehicle 
control group and was administered phenytoin vehicle 10 ml/Kg. The 
third group (6-10 animals/group) was electrically convulsed through 
the use of an electroshock (150 mA for 0.2 seconds duration) device 
using corneal electrodes to induce maximal convulsions. The fourth 
group (.6-10 animals /group) was' the convulsion control group which were 
treated identically to group three but were not convulsed. The fifth 
group (.6-10 animals/group) was placed in the’audiogenic sound chamber 
and exposed to the audiogenic sound.stimulus like audiogenic group
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three (see above). All the treatments were done from day 7-15 of 
pregnancy.

On day 19 of gestation (the normal gestation period being 21 
days), all pregnant rats were weighed and sacrificed. The abdominal 
wall was opened and all implantation sites were counted and resorptions 
noted. Resorption sites were determined by a "mitrial" or yellow body 
found at the implantation site which represents the necrotic tissue 
from a resorbed fetus (Wilson 1973). The number and sex of each pup 
was determined. Each pup was blotted dry and weighed to the nearest 
milligram on a Mettler balance and examined for gross malformation of 
the head, limbs, toes and mouth. Cleft lips and palates were sought. 
One-third of each litter was randomly placed in 95% ethanol for 4-6 
days. After fixation in ethanol, the visceral and skin tissues were 
removed carefully by forceps. The eviscerated and skinned fetuses 
were placed in jars containing 2% potassium hydroxide and allowed to 
"age" for about 4 hours to dissolve the connective tissues from the 
bones. These fetuses were then transferred to jars containing Mall’s 
solution with about 3 drops of alizarin red and left for 24 hours.
The alizarin red stains the calcium in the bones a purple color and 
permits the examination of the skeleton for defects. The remaining 
2/3 of each litter was placed in Bouin’s solution and left for ten 
days to two weeks for fixation. After fixation in Bouin’s solution, 
free-hand razor blade sections were made of the fetuses following 
the technique outlined by Barrow and Taylor (1969) and examined 
under a dissecting microscope for visceral malformations using the rat 
fetal atlas of Wilson (1973).



CHAPTER 4

RESULTS

Tables 1 and 2 show the fetal effects of maternal phenytoin 
therapy in audiogenic and non-audiogenic rats, Phenytoin given in a 
dose of 100, 500 and 1000 mg/Kg caused a dose—response related reduc
tion in fetal birth weights and number of live fetal births in both 
strains. .Maternal therapy with phenytoin in audiogenic rats produced
a greater decrease in fetal birth weights than comparable therapy in 
the non-audiogenic animals. At each dose of phenytoin the birth weight 
values for audiogenic subjects are highly statistically significantly 
different (p < .001) from the corresponding non-audiogenic subjects. 
However, there is no difference in fetal birth weights in vehicle- 
treated group of both strains.

Phenytoin in dose of 500 and 1000 mg/Kg caused overt maternal 
toxicity. The toxicity was characterized by severe ataxia and death 
at the higher dose. The non-raudiogenic mothers showed a greater sensi
tivity of the toxic effects of phenytoin as can be seen by the 100% 
lethality in this group at the high dose of the anticonvulsant.

The data in Tables' 3 and 4 represent the fetal visceral and 
skeletal anomalies observed in audiogenic and non-audio geni c animals 
treated with phenytoin vehicle and 100, 500 and 1000 mg/Kg doses of 
phenytoin, The non-audiogenic fetuses had a greater overall incidence
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Table 1. Effect of Phenytoin on Number and Weight of Fetuses Born to Audiogenic Seizure-
susceptible Rats

Vehicle3 Phenytoin (mg/Kg)
100 500 1000

Number of Litters 20 10 17 4C
Number of Fetuses 186 99 161 30
Number of Fetuses/ 
Litter 9.9 (±0.2)d 9.9 (+0.2) 9.5 (+0.2) 7.5 (+0.4)3

Mean Fetal Weight 4.28 (+0.06)d 3.43 (+0.09)f 3.25 (+0.06)f 1.45 (+0.05)f58

a. Vehicle for Phenytoin consisted of Tween 81 (10%) and normal saline (90%) . Vehicle was 
administered orally in a volume of 10 ml/Kg.

b. All doses (100, 500 and 1000 mg/Kg) were administered orally in a volume 10 tiil/Kg.
c. Four other mothers died prior to laparotomy.
d. Values are means + S.E.M.
e. Significantly different from vehicle treated animals p<0.05.
f. Significantly different from vehicle treated animals p<0.6oi.
g. Significantly different from 500 mg/Kg treated animals p<0.001.



Table 2. Effect of Phenytoin on Number and Weight of Fetuses Born to Non-audiogenic Seizure-
susceptible Rats

Vehicle3 . . Phenytoin (mg/Kg)
100 . . .  500 1000

Number of Litters 17 9 10 0°
Number of Fetuses 175 85 87 0
Number of Fetuses/ 
Litter 10.3 (+0.2)d 9.4 (+0.3) 8.7 (+0.4) 0

Mean Fetal Weight 4.32 (+0.04) 4.22 (+0.06 3.97 (+0.07)6 0

a. Vehicle for Phenytoin consisted of Tween 81 (10%) and normal saline (90%). Vehicle
was administered orally in a volume of 10 ml/Eg.

b. All doses (100, 500 and 1000 mg/Kg) were administered orally in a volume 10 ml/Kg.
c. Eight Dams died during therapy prior to Laparotomy.
d. Values are means + S.E.M.
e. Significantly different from vehicle treated animals p<0.001.



Table 3. Incidence and Type of Birth Defects in Offspring of Audiogenic Rats Treated with
Phenytoin

Treatment.
Phenytoin (mg/Kg)

Birth Defect . Vehicle_________100_______  500________ 1000
Na %b N % N % • N %

Visceral Examination
Number of FetuseS 
Cardiac Anomalies

124
0/124 0

65
0/65 0

108
1/108 0.93

12
3/12 25.00

Hydrocephalus 0/124 0 1/65 1.54 0/108 0 1/12 8.33
Palatal Anomalies 2/124 1,61 4/65 6.15 5/108 4.63 0/12 0
Ocular Anomalies 0/124 0 1/64 1.56 1/108 0.93 1/12 8.33
Brain Anomalies 0/124 0 3/65 4.62 2/108 1.85 1/12 8.33
All Other Anomalies 0/124 0 2/65 3.08 1/108 0.93 . 1/12 8.33

Skeletal Examination
Number of Fetuses 62 34 53 5
Split Vertebral
Centra 0/62 0 0/34 0 2/53 3.77 0/5 0

Rudimentary 14th Rib 0/62 0 1/34 2.94 5/53 9.43 0/5 0
Other Rib Anomalies 2/62 3.23 0/34 0 5/53 9.43 0/5 0

Total Visceral
Anomalies 2/124 1.61 11/65 16,92 10/108 9.26 7/12 58.33

Total Skeletal
Anomalies 2/62 3.23 1/34 2.94 12/53 22.64 0/5 0

Resorptions 3/186 1.61 7/99 .: 7.07 :. 13/161 8.07 .. 0/30 0
a.. Gives number of observations per total number of fetuses examined.
b. Percentages are based on the number of observed events per total number of fetuses 

examined.



Table 4. Incidence and Type of Birth Defects in Offspring of Non-audiogenic Rats Treated with
Phenytoin

Treatment . .
Phenytoin (mg/Kg)

Birth Defect Vehicle 100 500 1000
Na %b N % N ... % N %

Visceral Examination
Number of Fetuses 117 50 58
Cardiac Anomalies 0/117 0 0/50 0 0/58 0
Hydrocephalus 0/117 0 1/50 2.00 0/58 0 — -
Palatal Anomalies 2/117 1.71 2/50 4.00 2/58 3.45 - — —

Ocular Anomalies 0/117 0 0/50 0 1/58 1.72 — -
Brain Anomalies 0/117 0 1/50 ' 2.00 6/58 10.34 - ——
All Other Anomalies 0/117 0 0/50 0 0/58 0

Skeletal Examination
Number of Fetuses 58 20 28
Split Vertebral Centra 0/58 0 1/20 5.00 0/28 0 — -
Rudimentary 14th Rib 3/58 5.17 2/20 10.00 1/28 3.57 - -
Other Rib Anomalies 0/58 0 0/20 0 5/28 17.86 — -

Total Visceral Anomalies 2/117 1.71 4/50 8.00 9/58 15.52 —— — — -
Total Skeletal Anomalies 3/58 5.17 3/20 15.00 6/28 21.43
Resorptions 3/175 1,71 7/85 8.24 24/86 27.91 -. -

a. Gives number of observations per total number of fetuses examined.
b. Percentages are based on the number of observed events per total number of fetuses 

examined.
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of visceral and skeletal malformations. For example, the’non- 
audiogenic fetuses had a total malformation incidence of 6.88, 23.00 
and 36.95% for vehicle and 100 and 500 mg/Kg doses of phenytoin re
spectively, while the audiogenic seizure malformation incidence was 
4.83, 19.86 and 31.89%, respectively. In both strains there was a 
direct dose-response relationship between phenytoin and the incidence 
to total fetal malformations. Although this dose-response relation
ship was demonstrated for total malformation, there was not in either 
strain an apparent dose-response effect for any specific malformation. 
From the data in Tables 3 and 4, it is apparent that maternal therapy 
with phenytoin increases the incidence and types of visceral and 
skeletal malformation.

Phenytoin produced a greater dose-related increase in incidence 
of fetal toxicity in both strains as shown by the number of resorptions 
in Tables 3 and 4. The phenytoin toxicity in the non-audiogenic 
fetuses parallels the toxicity observed in the non-audiogenic mothers. 
Indeed, they may be very closely related.

Skeletal examination was not conducted in fetuses born to 
audiogenic mothers treated with 1000 mg/Kg phenytoin because of the 
limited number and size of the fetuses. In addition, the loss of four 
of eight mothers in this group makes evaluation of visceral anomalies 
for drug effect difficult. Bleeding was seen in all the fetuses b o m  
to audiogenic and non-audiogenic strains.
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The effects of maternal convulsive episodes on birth weight 

and litter size are shown in Table 5 for the audiogenic strain and 
Table 6 for the non-audiogenic strain. Offspring born to audiogenic 
mothers that were convulsed twice a day six hours apart, had lower 
weights at birth than did the non-convulsed control group. However, 
there was no difference in litter size.

By comparison, the offspring of non-audiogenic mothers that 
were administered maximal electroshock convulsions twice a day, six 
hours apart, showed a similar reduction in birth weight with only a 
slight decrease in litter sizes. Another group of non—audiogenic 
mothers were exposed to the audiogenic sound stimuli for a similar 
length of time as the audiogenic convulsed mothers. The effect of the 
sound stimuli on fetal birth weight and litter size is shown in Table 
6 (last column). The audiogenic stimuli caused a modest, but statis
tically significant (p < .05), decrease in fetal birth weights. There 
was no change in litter size over that observed in the non-audiogenic 
control group (Table 6),

A comparison of visceral and skeletal malformations in fetuses 
born to convulsed audiogenic and non-audiogenic:mothers are shown in 
Tables 7 and 8. The highest incidence of malformation were found in 
offspring bron to convulsed audiogenic females. Skeletal defects were 
the most common (a 27.67% increase over control) abnormality with an 
increase in brain and palatal defects (a 7.42% increase over control) 
the only visceral malformations. In contrast, the non-audiogenic
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Table 5. Effect of Convulsive Episodes on Weight and Number of
Fetuses Born to Audiogenic Rats

Control Convulsion

Number of Litters
Number of Fetuses
Number of Fetuses/ 
Litter

Mean Fetal Weight

10
105

10.2 (+0.1)a 
4.07,(+0.10)a

14
137

9.9 (+0.2)
3.49 (+0.09)13

a. Values are means + S.E.M.
b. Significantly different from control p<0.001.

Table 6. Effect of Convulsive Episodes and Sound Stimuli on Weight 
and Number of Fetuses Bom to Non-audiogenic Rats

Control Convulsive Sound Stimuli

Number of Litters 8 7 3
Number of Fetuses 83 58 29
Number of Fetuses/ 

Litter 10.4 (+0.2)3 8.3 (+0.2) 7.7 (+0.1)
Mean Fetal Weight 4,16 (+0,08)3 3.29 (+0.21)b 3.83 (+0.13)3

a. Values are means + S.E.M.
b. pCO.OOl
c. p<0.05
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Table 7. Effect of Convulsive Episodes on Incidence and Type of
Fetal Birth Defects in Offspring of Audiogenic Rats

Type of Anomaly Control 
Na . %b

Treatment 
Na %

Visceral Examination -
Number of Fetuses 58 92
Cardiac Anomalies ■ 0/58 0 0/92 ■ 0
Hydrocephalus 0/58 0 0/92 0
Palatal Anomalies 2/58 3,45 8/92 8.70
Ocular Anomalies 0/58 0 0/92 -0
Brain Anomalies 0/58 0 2/92 2.17
All Other Anomalies 0/58 0 0/92 no

Skeletal Examination
Number of Fetuses 29 45
Split Vertebral Centra 0/29 0 1/45 2.22
Rudimentary 14th Rib 1/29 3.45 7/45 15.56
Other Rib Anomalies 0/29 0 4/45 8.89

Total Visceral Anomalies 2/58 3.45 10/92 10.87
Total Skeletal Anomalies 1/29 3.45 12/45 26.67
Resorptions ... . 0/105 0 8/137 5.84

a. Gives number.of observations per total number of fetuses examined.
b. Percentages are based on the number of observed events, per total 

number of fetuses examined.
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Table 8. Effect of Convulsive Episodes on Incidence and Type of Fetal
Birth Defects in Offspring of Non-audiogenic Rats

Type of Anomaly Control
Na %

Treatment
. Na %

Visceral Examination
Number of Fetuses 57 39
Cardiac Anomalies 0/57 0 0/39 0
Hydrocephalus 0/57 0 0/39 0
Palatal Anomalies 3/57 5.26 1/39 2.56
Ocular Anomalies 0/57 0 0/39 0
Brain Anomalies 1/57 1.75 1/39 2.56
All Other Anomalies 0/57 0 0/39 0

Skeletal Examination
Number of Fetuses 26 19
Split Vertebral Centra 1/26 3.85 0/19 0
Rudimentary 14th Rib. 0/26 0 0/19 0
Other Rib Anomalies 1/26 3.85 1/19 5.26

Total Visceral Anomalies ' . 4/57 7.02 2/39 5.13
Total Skeletal Anomalies 2/26 7.69 1/19 5.26
Resorptions 2/83 2.41 3/58 5.17

a. Number of observations per total number of fetuses examined.
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convulsed group did not show any change in the incidence of skeletal 
and visceral malformations over their control level (Table 8).

The number of resorptions is slightly increased in both con
vulsed group over the number observed in their respective control 
groups.

The fetuses born to non-audiogenic mothers exposed to the 
audiogenic sound stimuli showed no visceral or skeletal abnormalities. 
Further, the incidence of resorptions were no different than that ob
served in the non-audiogenic control group.



CHAPTER 5

DISCUSSION

In the present investigation, four possible teratogenic factors 
were studied for their influence on the incidence and type of birth de
fects in two strains of rats with genetically differing seizure sus
ceptibility. These factors were : (I) genetic seizure susceptibility;
(2) maternal phehytoin therapy; (3) maternal convulsive episodes and 
(4) maternal sound exposure.

In all of the experiments conducted for this investigation, 
there were no statistically significant differences in overall birth 
malformation rate or distribution of specific malformation between the 
control groups from the two genetically different rat strains. From 
these data, we may conclude that genetic seizure susceptibility does 
not predispose offspring to a greater than expected frequency of spon
taneous birth defects nor does it influence the severity of those 
anomalies that do occur. However, the hereditary characteristics 
which are responsible for an animal’s susceptibility to convulsive 
seizures may interact with other factors and thereby influence the 
number and severity of birth defects (Wilson and Fraser 1977).

Such an Interaction of heredity and drug effect was observed 
in the offspring born to phehytoin treated dams from the audiogenic 
and non-audiogenic strains. First, phenytoin caused a dose-dependent
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reduction in fetal birth weights in both strains.. However, the audio
genic fetuses weighed significantly less than the comparably treated 
non-audiogenic subjects. It has been reported that phenytoin inhibits 
protein synthesis both directly and via inhibition of folate directed 
protein synthesis (Gabler and Palace 1970; MacKinney and Vyas 1975) . 
This action of phenytoin must work on the fetal as well as maternal 
system and may be responsible for the observed reductions in birth 
weight in both strains. We suggest that the audiogenic strain may be 
more sensitive to the protein inhibitory action of phenytoin than the 
genetically seizure-resistant animal,

The second strain difference in response to phenytoin was the 
greater number of visceral and skeletal anomalies found in offspring 
from the non-audiogenic strain. Again, this effect was dose dependent 
with both strains showing an increase in incidence with an increase in 
dose; The non-audiogenic offsprings ■had 4% and 25% more birth defects, 
at the 100 and 500 mg/Kg doses of phenytoin than did the similarly 
treated audiogenic fetuses.' Furthermore, there was a 100% maternal 
lethality at the highest dose of phenytoin (1000 mg/Kg) while there 
was. only a 50% maternal lethality in the audiogenics. These differ
ences in phenytoin toxicity suggest a difference between the two 
strains in the absorption, distribution, metabolism and/or tissue 
sensitivity of the drug. If the non-audio genic pregnant female ab
sorbs more of the dose of phenytoin and at a faster rate than the 
audiogenic animal, a higher free blood phenytoin level will be at
tained in the maternal circulation and ultimately in the fetal
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circulation. This, of course, would maximize the teratogenic potential 
of phenytoin. Further investigations will be required to elucidate the 
mechanism responsible for the different strain effects of phenytoin.

We have previously (see Introduction) reviewed the suggested 
mechanisms for the teratogenic action of phenytoin. Of these mecha
nisms, our data provides some indirect support for inhibition of pro
tein synthesis and a derangement in folate metabolism as possible 
causative effects. Inhibition of protein synthesis is suggested by 
the observed dose-dependent reduction in birth weights. An alteration 
in folate activity may explain the bleeding episodes seen in fetuses 
during laparotomy. However, in both cases the association is quite 
tenuous and must be supported by further experiments specifically de
signed to study these factors.

The next teratogenic factor we studied was the effect.of 
maternal convulsive episodes on fetal development. Our data shows 
that maternal convulsions, regardless of initiating stimuli (I.e., 
sound or electricity), cause an increase in fetal malformations. How
ever, the most marked increase in fetal anomalies was found in the 
audiogenic rat. In this strain, the fetal birth weight was reduced 
and total number of structural defects was increased. In contrast, 
the non-audiogenic offspring, only showed a decrease in birth weight 
and an increase in brain anomalies over expected values. These data 
support maternal convulsive episodes as a. teratogenic factor. Further
more, there appears to be an interaction between maternal genetic sei
zure susceptibility and convulsive episodes and the resulting degree
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of birth malformations in their offspring. Part of the increased tera
togenicity observed in the offspring of convulsed audiogenic females 
may be due to the intense running episodes in these subjects. Both 
the convulsive seizure and the intense skeletal muscle activity of run
ning will produce hypnoxic and acidotic states in the mother and 
fetuses. These derangements in acid-base and oxygen balance could, 
theoretically, cause marked changes in fetal development (Wilson 1973;

Wilson and,Fraser 1977).
With regard to the audiogenic seizure stimuli as a factor in 

birth defects, our data suggests only a modest teratogenic action.
There were no structural defects found in offspring exposed in utero 
to the sound stimuli but not to convulsive episodes. In addition, 
these offspring showed a slight, but statistically significant, reduc
tion in birth weight. Other workers. (Arvay 1970) have shown that noise 
will produce birth malformations proportional to the length of sound 
exposure. Since our animals were exposed to the sound stimulus for a 
rather short period of time (.10-15 sec.), this may account for .the 
slight effect observed. Nevertheless, our data does not support sound 
as the major cause of the birth defects found in offspring born to 
convulsed audiogenic mothers.

With respect to the clinical observations that there are a 
greater number of malformed.children born to epileptic mothers, our 
data suggests that the major factors contributing to such fetal birth 
defects are maternal phenytoin therapy and convulsive episodes. Ma
ternal genetic seizure-susceptibility per se does not seem to



predispose the offspring to birth malformations. However, heredity 
may interact with maternal drug and/or seizure episodes to increase 
the incidence and severity of fetal defects -



CHAPTER 6

SUMMARY AND CONCLUSION

The results of this investigation may be summarized as follows
1. Genetic differences in seizure susceptibility do not result in 

an increase in birth malformations.
2. Phenytoin in a dose-dependent manner causes an increase in 

birth defects, in offspring born to audiogenic seizure- 
susceptible and non-audiogenic seizure-susceptible rats. A 
strain difference in phenytoin response was observed with 
audiogenic offspring showing more sensitivity to a decrease 
in birth weight while non-audiogenic offspring showed a 
greater degree of structural defects.

3. Maternal convulsive seizures increase the incidence of birth 
malformations in their fetuses.. The greatest teratogenic re
sponse was observed in the audiogenic strain.

4. The audiogenic sound stimuli cause a small but significant de-̂  
crease in birth weights of fetuses born to non-audiogenic rats 
However, the stimuli did not produce any structural birth 
defects.

In conclusion, our studies have provided support for maternal 
phenytoin therapy and convulsive episodes'as factors in producing 
fetal birth malformations. Furthermore, there are indications that
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maternal heredity may interact with drug therapy, and seizure activity 
to cause differing teratogenic outcome.

In addition, this investigation has suggested several other 
experiments that should be conducted to answer the questions raised, 
but not conclusively answered, by the present experiments.



APPENDIX A

DRUG AND HISTOLOGICAL SOLUTIONS

Phenytoin (5,5-Diphenylhydantoin) obtained from Aldrich 
Chemical Company, Inc. (99+%. pure) .

Phenytoin-Vehicle:
Tween 81 (90%)
Saline (10%)

Bonin's Solution:
Picric acid, sat,., aqueous solution 
Formaldehyde (cone.)
Acetic acid (glacial)

Mall’s Solution:
Distilled H^O '
Glycerine 
4% KOH
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