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Non-Mendelian developmental defects:
animal models and implications for research
into human disease *

The major groups of malformations in man are polygenic in origin but this review deals
only with defects due to non-Mendelian factors. Animal models that help in identifying the
causes and in understanding the numerous and often subtle mechanisms of human
malformations are of particular value. Many chemicals, physical agents, and nutritional
deficiencies affect experimental species but few are teratogenic for domestic animals and
even fewer for man. The known fetopathic viruses ofanimals and man cross the placenta to
cause chronic, nonlethal fetal damage without harm to the mother. Ionizing radiations are
teratogenic for all species and hyperthermia for many, but the role of the latter in human
development is uncertain. The identification of more animal species with spontaneous or
induced defects comparable to thosefound in man and ofadditional causative teratogens will
increase the resources available for research into the causes and mechanisms of abnormal
development in man. No animal species is ideal in teratological research but each has its
virtues. This report comments on the present status of research in teratology and the trends
that might profitably be followed in the future.

At the Twenty-ninth World Health Assembly, in
the preamble to resolution WHA 29.50, it was noted
that " birth defects are a significant cause of morbid-
ity and mortality in the perinatal period and handi-
cap for the rest of life, and also create psychological
and socioeconomic problems in all countries, and
in some countries surpass that caused by infec-
tious disease; epidemics of birth defects have
occurred caused by infectious agents, toxic sub-
stances and drugs not previously recognized as
hazardous ".
Major malformations are seen in about 25 per

1000 of all births and the environmental factors that
contribute to this prevalence are largely unknown.
Malformations have been defined as " macroscopic
abnormalities of structure attributable to faulty
development and present at birth " (30) and as " pri-
mary structural defects that result from a localized
error of morphogenesis "(38). These definitions,
useful in a clinical setting, are considered to be too
narrow for the present review. We address ourselves

* This Memorandum was prepared by the signatories
listed on page 486 on the occasion of a Meeting of Investigat-
ors held in Geneva in March 1977. Reprints may by obtained
from: Chief, Veterinary Public Health, World Health Organi-
zation, 1211 Geneva 27, Switzerland. A French translation of
this Memorandum will appear in a future issue of the Bulletin.

to the wider topic of developmental defects, which
have been defined as " deviation[s] of form, chemical
content or function ".a
We have used the term teratogen to indicate agents

that may interfere with development in a detectable
way, and we have included within the concept a
number of agents acting less directly that are respon-
sible for minor but possibly cumulative effects. Al-
though this Memorandum is not concerned with
defects inherited according to simple Mendelian
rules, we would emphasize that all variability in
development has a genetic component.

In the larger groups of malformations of
man-those of the central nervous system, the car-
diovascular system, or the musculoskeletal sys-
tem-it has been demonstrated that defects are
expressed as a result of the interaction of many genes
with the environment, the so-called polygenic or
multifactorial pattern of causation (4). We assume
that the characteristics of this pattern will be gener-
ally familiar and they are not further discussed here.

a Report of the Second Task Force for Research Planning
in Environmental Health Science, prepared for submission to
the Subcommittee on Labor, Health, Education, and Wel-
fare, Committee on Approbations, United States House of
Representatives, December 1976, Chapter 12. Only a pre-
publication copy of this report was available at the time this
Memorandum was prepared.
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It is important to note, as pointed out by Leck (27),
that in a population in which the predisposition to a
malformation is normallydist ributed, the threshold
would have to be reduced only slightly, e.g., by
eliminating one factor in causation, to produce a
significant decline in incidence.
We have also considered ways in which teratogens

of small effect might be studied. Cumulative or
additive teratogenesis is probably of considerable
importance in man. This point was recently empha-
sized, indirectly, by Fraser (17) who pointed out the
necessity of a " probit " type transformation in the
statistical analysis of additive factors in teratogene-
sis. He illustrates that if teratogen " x " is exhibited
to a population with a normally distributed predis-
position to malformation (i.e., a mean 3 standard
deviations (SD) from the threshold-say 1/1000 af-
fected) a change in distribution by 1.5 SD will alter
the frequency of the defect to 50%. The addition of
" y " with a similar effect acting additively (i.e.,
x + y) will shift the threshold by 3 SD and increase
the expressed frequency to 50%.

It is the purpose of this document to identify and
illustrate the naturally occurring and experimentally
inducible defects that may help to identify causative
factors. We would emphasize that an understanding
of pathogenesis is the principal aim of a model
system, and that phenocopy production per se is of
limited theoretical or practical importance. The
genetic diversity of animals contributes to the scope
of model systems. For example, the different time-
scales of different species allow the embryonic, fetal,
and postnatal stages of development to be studied
separately. Further differences between placental
form, function, and metabolism in different animals
may supply insights into the problem of applying the
systems to man. The use of creatures as diverse as
amphibians, marsupials, and primates makes it pos-
sible to study a wide range of mechanisms; limb
regeneration in the newt, for example, has produced
valuable information on limb development in higher
vertebrates.

In discussing animal models of human disease,
certain general teratological principles must be con-
sidered. Both the fetus and the materno-placental
unit will interact with the exogenous agent and may
modify it. When examining effects on the conceptus
we must also consider the developmental events and
stages (gametes, zygote, segmentation, implantation,
organogenesis, and fetal period) and the genetic
susceptibility of the particular animals from which it
is derived.

In a subject of this breadth it has not been possible
to provide a comprehensive review of the literature
or even in many instances to refer to the authors of
original papers on a given topic. Wherever possible
we have referred to recent reviews that will give the
reader most of the references required for further
reading.

REVIEW OF ANIMAL MODELS OF NON-MENDELIAN
DEVELOPMENTAL DEFECTS

Defects caused by infectious agents

Many infectious teratogens can cause intrauterine
growth retardation (IUGR) and some, particularly
viruses and fungal toxins, are responsible for more
specific malformations.
Some helminths, especially the larvae, can cross

the placenta in animals and may damage the concep-
tus by their migrations and/or by the reactions they
provoke in the host tissues, but they have not hith-
erto been regarded as important prenatal pathogens.

Toxoplasma is probably the most important tera-
togenic protozoan. It causes placentitis, IUGR, and
fetal damage, especially to the central nervous sys-
tem (CNS) in man and a variety of animals. Recent
advances in the biology of toxoplasms have given
fresh impetus to studies on the epidemiology and
pathogenesis of these organisms.

Like the protozoa, fungi (e.g., Aspergillus, Mucor)
exert their principal fetopathic effect by interference
with placental nutrition, although they can also
invade and damage the fetus directly.

Fungal toxins (which include some antibiotics,
e.g., amphotericin, griseofulvin) may act as terato-
gens after ingestion by or parenteral administration
to the dam.
Most fetopathic bacteria act principally by

damaging the maternal and/or fetal placenta. Prob-
ably the most important bacterial pathogens of
domestic animals in this respect are members of the
genus Brutcella, which are important public health
hazards as well as a potential cause of enormous
reproductive wastage in cattle. Tuberculosis is a
useful model of " cold " bacterial infections in ani-
mals as well as a potential hazard to the human fetus
in those countries in which it still occurs.

Viruses, however, are undoubtedly the most im-
portant of the infectious agents causing developmen-
tal defects (17, 32), though only a minority of animal
viruses are known to be directly fetopathic and an
even smaller proportion are proven human teratogens

Table 1 lists viruses that have been incriminated as
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Table 1. Viruses teratogenic for animals a

Infectious agent Pathogenicity
Species Key

Genu Specific name affected Growth Mal- Target referenceGenus Specific name retardation formation organ

Family: Togaviridae
Pestivirus Hog cholera pig + + multiple (8)
Pestivirus Bovine virus diarrhoea, cattle, sheep, goat, CNS, eye, skeleton,

border disease pig + + integument (8, 39)
Flavivirus Japanese B encephalitis pig + + CNS (42)
Flavivirus Louping IlIl hamster + CNS (8)
Alphavirus Venezuelan equine rhesus monkey + CNS, eye (29)

encephalitis
Rubivirus Rubella rat + + bone, eye, heart (13)

cynomolgus monkey + eye, skeleton (7)

Family: Picornaviridae
Enterovirus Avian encephalomyelitis chick + CNS (8)

Family: Orthomyxoviridae
Influenza chick + CNS (32)
Influenza (A/Hong Kong) rhesus monkey + CNS (8)

Family: Paramyxoviridae
Paramyxovirus Mumps chick + eye (32)

Family: Arenaviridae
Arenavirus Lymphocytic chorio- rat + CNS (8)

meningitis (E-350)

Family: Papovaviridae
Polyomavirus mouse, hamster + CNS (13)

Family: Bunyaviridae
Simbu group Akabane cattle, sheep, goat + CNS (23)

Family: Reoviridae
Reovirus Reovirus type 1 hamster, rat, ferret, + CNS (8)

mouse
Orbivirus Blue tongue sheep, cattle, + CNS (8)

mouse, hamster + CNS (32)

Family: Parvoviridae
Parvovirus Hi hamster + CNS, face, heart, (8)

bodywall
Kilham parvovirus rat, cat, hamster, + CNS (8)

mouse
Feline panleukopenia cat, ferret + CNS, liver (8)
Minute parvovirus mouse + CNS (32)

Family: Adenoviridae
Mastadenovirus Adenovirus type 12 hamster, rat, mouse + CNS (8)

Family: Herpetoviridae
Herpesvirus Canine herpetovirus dog + CNS, eye (8)
Cytomegalovirus Murine cytomegalovirus mouse + CNS (8)

a Virus taxonomy according to Fenner (14).
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causes of naturally occurring and/or experimentally
induced developmental defects in animals.
Some families of viruses are represented by several

teratogenic members, but teratogenic viruses belong
to many families. Within the same genus, species,
and serotype both teratogenic and nonteratogenic
strains may occur. So teratogenicity is of dubious
value in virus taxonomy and vice versa. Currently
the only way of identifying teratogenic strains of
virus is by their interaction with vulnerable tissues of
a susceptible host. In this context, tissue and organ
cultures are not effective alternatives to the intact
conceptus for screening viruses for teratogenicity.
The viruses (i.e., strains) most likely to prove

successful as teratogens will be:
(a) capable of crossing the placenta or invading

the neonate before the main growth spurts of impor-
tant organs;

(b) relatively nonpathogenic for the dam, thus
avoiding maternally-induced death of the fetus or
neonate;

(c) of relatively low virulence for the conceptus,
i.e., not producing widespread necrosis in many
important organs and tissues;

(d) capable of specifically damaging tissues by
inhibiting mitosis and/or interfering with critical
specialized activities, e.g., myelination;

(e) capable of persisting throughout gestation.

Such viruses behave as though they are invasive,
self-replicating, chemical teratogens that can damage
the embryo and fetus in a wide variety of ways.
These include:

(a) diffuse, unspecific limitation of growth by in-
terference with placental function and hence fetal
nutrition;

(b) destruction of organ anlages or developing
tissue by virus-induced necrosis and/or host reac-
tion;

(c) specific target-oriented effects, interference
with proliferation, differentiation, and maturation;

(d) the induction of neoplasia.

Although it would be easy to overemphasize the
concept of specific target-orientated teratogenicity,
some viruses clearly have a capacity for severely
damaging or inhibiting particular tissues, cell types,
or enzyme systems while sparing others, relatively or
completely. Examples are:

(a) some parvoviruses are highly pathogenic for
the external granular cell layer of the cerebellar
cortex;

(b) blue tongue, bovine virus diarrhoea, and Aka-
bane viruses all cause cerebral cavitation in bovine
fetuses exposed for about the first 130 days gesta-
tion, but only Akabane produces arthrogryposis;

(c) the viruses of hog cholera and border disease
of sheep (antigenically-related pestiviruses) cause
dysmyelination of the central nervous system but not
of the peripheral nervous system.

Likewise, the same teratogenic virus strain may
produce different effects in different species.

It is tempting to speculate on the extent to which
infectious teratogens exert their damaging effects
through their pyrexial effect on the dam. Ed-
wards (10) has shown experimentally that, by caus-
ing a block in mitotic activity, hyperthermia can
produce a large neuroblast population highly vulner-
able to recurrent pyrexia (as in biphasic fever).
However, there is no conclusive evidence that in-
fluenza virus (a potent cause of maternal fever)
causes congenital defects in children (9). Nor are
pyrogenic infections of animals the ones most fre-
quently associated with developmental defects; in
fact, the reverse obtains.
The concept of a straightforward dose-response

relationship may require modification in the case of
viral teratogens. In theory, they operate through a
series of invasive steps, each of which may result in
the production of greater quantities of teratogen
than originally entered the dam. Moreover, the
teratogen may persist and proliferate in the concep-
tus long after it has been eliminated from the
mother. Nevertheless a dose-related response has
been reported in the few cases in which it has been
looked for.

Relatively little is known of the pathogenicity and
pathogenesis of virus infection of the early (pre-
implantation) conceptus in man or animals (33).
Some new techniques for recovery, manipulation,
transplantation, and culture of blastocysts now offer
more scope for realistic investigation of the conse-
quences of exposure of the early embryo to virus
infection.

Defects caused by chemical agents

A large number of chemicals may induce malfor-
mations in various species but relatively few are
known to be harmful in man. There are few known
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correlations between the chemical structure or the
pharmacological action of drugs and their teratogen-
ic potential. The most powerful teratogens are of low
maternal toxicity; despite this they are capable of
inducing a wide range of embryotoxic and dysmor-
phogenic effects. The mode of action on the embryo
is still a matter of speculation but it is usually
ascribed to modifications of the basic cellular
dynamics, impairment of protein synthesis, and inhi-
bition or destruction of specific enzymes. The anti-
tumour drugs constitute the largest group of chemi-
cal teratogens. The degree of teratogenicity of these
drugs is related to the difference in levels required
for maternal toxicity and embryotoxicity. The great-
er this difference, the more effective the agent will be
as a teratogen. Although the majority of the antit-
umour drugs tested in animals have an obvious
teratogenic action, only a few cases of human mal-
formation have been observed with the following
drugs: cyclophosphamide, busulfan, chlorambucil,
and folic acid antagonists (40).
Drugs acting on the central nervous system have

been explored more than any other group. Although
several drugs have been incriminated because they
were teratogenic in animals, or appeared to be so
from retrospective epidemiological investigations,
serious doubts as regards toxicity for man exist only
for phenytoin. Of another large therapeutic group,
the antimicrobial drugs, only a few are capable of
producing malformations in animals (for example,
long acting sulfonamides, tetracycline, rifampicin)
and they seem to be devoid of teratogenic effects in
man.

Antiparasitic drugs-chloroquine, pyrimethamine,
parbendazole-and antifungal agents (griseofulvin)
are teratogenic in animals but their action on the
human embryo is unknown.
Among hormones, androgens have a masculiniz-

ing action in animals and in man. The natural female
sex hormones seem to be devoid of adverse action, in
contrast to the synthetic compound diethylstilbes-
trol, which can induce vaginal adenosis.
Drugs modifying carbohydrate and fat metabol-

ism are under suspicion as teratogens. They are
active in animals but their status as human terato-
gens is uncertain.
Among the analgesics, aspirin deserves special

attention since the teratogenic action of high doses
has been demonstrated in rodents, but convincing
results have not been obtained in epidemiological
studies in man. However, aspirin administration in
the second half of pregnancy prolongs gestation and

impairs delivery in animals and a similar effect has
been reported in man (28).
Among the many minerals explored, only organic

mercury salts have proved to be teratogenic in man,
as seen in Minamata disease.
The most widely used agricultural compounds,

organochlorine pesticides, are not lethal to human
embryos and do not show teratogenicity in man.
Herbicides containing dioxin contaminants are
dangerous because of their high teratogenic potential
even in very low concentrations.
Most of the chemical teratogens so far identified

in large domestic species have been of plant origin.
Keeler (24) listed plants with proven teratogenic
action and gave information concerning the chemis-
try of their noxious compounds. The best known
examples are Senecio spp., Indigofera spicata, Nico-
tiana spp., Blighia sapida, Leucaena leucocephala,
Lathyrus spp. (lathyrogenic plants), Vicia spp.
(lathyrogenic plants), Astragalus lentiginosus
(" loco " plants), Lupinus sericeus, Conium macula-
tum, Veratrumn californicum, and Cupressus macro-
carpa.

Senecio, which contains pyrrolizidine alkaloids
that cross the placenta and are transferred in milk, is
capable of producing various malformations in rats.
Indigofera alkaloids are lethal to embryos and have a
teratogenic effect in rats, producing mainly cleft
palate. It is assumed that Indigofera could be respon-
sible for the production of malformations in domes-
tic livestock. Nicotine causes fetal growth retarda-
tion, decreased litter size, and congenital abnormali-
ties of the skeleton in mice. It also has a teratogenic
action in pigs. Blighia sapida, which contains a
hypoglycaemic compound-hypoglycine A-is tera-
togenic. Leucaena contains many toxic compounds
and is teratogenic in rats and pigs. The adverse
effects on reproduction and prenatal development of
lathyrogenic plants as well as of lupin and Veratrum
are well known.
Although only a few plants have been tested for

their teratogenic potential, there is little doubt that
many others will prove to be teratogenic and there is
an urgent need for further investigations.

Defects caused by physical agents

Hyperthermia. The occurrence of congenital
defects under non-experimental conditions and pre-
sumed to be due to hyperthermia has been reported
only in guinea-pigs (10).

Congenital malformations have been produced
experimentally by raising maternal temperature in a
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Table 2. Temperature elevations and duration of exposures associated with congenita
defects in various species

Species Temperature Duration of Defects producedelevation (oc) treatment

Chickens 1.2-2.3 2-3 days Hernias; defects of head, beak, eyes,
spine (10)

Rats 1.0-3.0 1 or 2 days Tooth defects
2.0-3.0 40-60 min

twice on one day Multiple defects (10)

3.0 40 min Defects of head and extremities (10)
(exposed uterus)

Rat embryos 2.0-3.0 12-46 hours Microcephaly; enlarged hearts; oedema
in culture (5)

Mice 3.0-4.0 20 hours Vertebral defects

3.8-4.9 60 min Defects of head, eyes, toes; paralysis (10)

Rabbits 1.0-2.2 Injection of Microcephaly; encephalocele; defects of
pyrogen on limbs and liver (10)
2 or 3 days

Guinea-pigs 2.0-2.2 45-60 min Multiple-including microencephaly

3.4 60 min on 2 days Talipes; arthrogryposis (10)

Hamsters 3.0-4.0 60-75 min Exencephaly; encephalocele (25)

Sheep 2.0-3.1 9 hours daily Microencephaly; growth retardation; cavi-
last 1/3 or 2/3 of tation of brain (12)
pregnancy

Monkeys 2.7 60 min on 5 days Growth retardation; limb and behavioural
defects (35)

3.5-4.0 60 min Defects of head, eyes, feet, spine, heart,
kidneys, adrenals (20)

number of species including primates. The spectrum
of malformations induced has been characteristic for
the species (Table 2) and the type, incidence, and
severity of malformation has been dependent largely
on the developmental stage at heating and the
increase in temperature.

It is believed that the basic mechanism underlying
the action of heat is damage to chromatin or sub-
stances associated with it in actively proliferating
cells. Cells of the 21-day guinea-pig embryonic brain
are killed by temperature increases exceeding 2.0°C,
while some cells in S-phase will die when the eleva-
tion is 3.0-3.5°C. The cell generation cycle is inter-
rupted for 6-8 hours by elevations of 1.5-1.8°C, and
this is followed by a burst of partially synchronized
mitosis in a high proportion of cells. Additional
exposures given at this stage can be extremely
damaging. Rat embryos in culture (5) and chicken
embryos during incubation are affected by elevated
temperatures indicating that the action of heat can
be directly on the embryo and is not necessarily
related to changes in the maternal metabolism.

The susceptibility of a developing organ appears
to depend largely on the rate of cellular proliferation
at the time hyperthermia is applied, and as the
central nervous system outgrows other embryonic
structures during organogenesis it would be expected
to be more at risk (10).

Malformations and other manifestations of em-
bryotoxicity can also be induced with hyperthermia
in the bonnet monkey (20) and the marmoset (35). In
the bonnet monkey the major manifestations have
been meroanencephalia, scoliosis, talipes, midfacial
hypoplasia, arrhinia, anophthalmia, and tetralogy of
Fallot. The embryotoxic sensitive period was be-
tween days 24 and 35 of gestation at temperatures
2.6-4.40C above normal core temperature and the
teratogenic sensitive period occurred between days
24 and 30 of gestation at temperatures 3.6-4.10C
above core temperature. Marmosets were exposed to
hyperthermia for 1 hour daily on five consecutive
days between days 25 and 50 of gestation. The 1-year
survival rate of live-born young was lower in heated
groups and abnormalities of development included
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skeletal defects and clumsiness, as well as beha-
vioural changes.
By far the most common and frequently the only

manifestation of heat-induced damage in the guinea-
pig has been microencephaly of variable severity.
The brains are normal in shape and in their cellular
and myelin concentrations but they are deficient in
size and function (12).

There is no direct evidence at present that hyper-
thermia contributes to congenital defects in man but
the possibility should be investigated.

Hypothermia. Little attention has been given to
the effects of hypothermia on development and it is
generally regarded as of minor importance as a
teratogen. Some abnormalities have been produced
in laboratory animals and chickens by hypothermia
and it has also had synergistic effects when used in
combination with radiation and vitamin A (11).

Hypoxia. Hypoxic conditions equivalent to alti-
tudes of 8500 m have been shown to cause specific
malformations in several species of laboratory ani-
mal (41). However, there is no strong evidence that
similar conditions cause malformations in man, al-
though there are indications that high altitudes and
asphyxia in the neonatal period contribute to patent
ductus arteriosus postnatally.

Radiation. Harmful effects of prenatal exposure to
ionizing radiation have been recognized for many
years. Extensive experimental work has been carried
out in several laboratory animal species, mainly mice
and rats, and these studies have helped to define the
abnormal growth processes and teratogenic mechan-
isms of environmental agents (21).

Other agents. Physical environmental factors such
as noise are considered of little importance in pro-
ducing abnormal intrauterine development, although
some studies suggest that noise may enhance the
production of certain malformations. Ultrasound
under experimental conditions causes abortions in
guinea-pigs but the harmful effects of its diagnostic
application to the human gravid uterus appear to be
negligible.

Defects caused by malnutrition
Maternal deficiencies in certain nutritional factors

are known to cause predictable types of developmen-
tal defect in laboratory animals but not in man (41).
For pregnant women a balanced diet containing
10.5-12.0 MJ (2500-2800 kcal) is considered neces-
sary to ensure harmonious development of the
conceptus. Results of several studies have shown

that pregnancy wastage is higher among women of
low income groups than among women of higher
income groups. Thus, in a study in south India
among poor women whose habitual diets during
pregnancy provided barely 6.3 MJ (1500 kcal) and
about 40 g of protein daily, there was considerable
pregnancy wastage due to abortion or stillbirth (18).
To what extent this poor reproductive performance
is due to nutrition or poor general obstetric care is
uncertain.

General restriction of nutrients is less harmful
than specific deficiencies. Diets containing less than
5% of proteins are responsible for higher rates of
embryonic wastage in animals and in man. The
minimum daily protein requirement for pregnant
women is estimated to be 86 g of total protein or
65 g of animal protein.

The difficulty of ascribing effects to a particular
causative factor is nowhere more difficult than in
human dietary studies. Retrospective assessment of
food intake is unreliable and, except in cases of
severe undernutrition, there is no good evidence of
any specific abnormality due to dietary deficiency in
man. In the most extensively studied example, folate
deficiency, a large prospective study (19) did not find
a higher proportion of low serum-folate in the
samples taken at first attendance at antenatal clinics
from women who subsequently delivered babies with
major malformations. In another well documented
study, Freidman & Mills (16) claim that some of the
cranial, facial, and dental peculiarities, as well as the
aortic lesions, seen in the supravalvular aortic stenosis
syndrome may be related to hypervitaminosis D.

Information on the incidence of congenital mal-
formations in children born to women suffering from
vitamin A deficiency is not available, although the
prevalence of vitamin A deficiency and night blind-
ness is high among women in many developing
countries. Case reports revealing anomalies in
human infants after maternal hypervitaminosis A
are available (3, 34).
Although human data are scanty and it is unlikely

that vitamin or mineral deficiencies are an important
cause of human developmental errors, animal
models may give useful data on mechanisms. Defi-
ciencies of single amino acids, vitamins (A, D, E,
riboflavin, pantothenic acid, and folic acid) and
minerals (zinc, manganese) have been associated
with congenital defects as has hypervitaminosis of
the fat-soluble vitamins. The work of Hurley's
group (22) on mineral deficiency offers a particular-
ly elegant demonstration in an animal of a patho-
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genetic mechanism of altered development. It shows
how calcification of the otolith may be impaired,
producing a syndrome of altered gait in mice, for-
merly supposed to be "congenital ". In the same
way, the administration of vitamin A and glucocorti-
coid hormones may provide information on mem-
brane functions, experimentally induced folate defi-
ciency may enable the investigator specifically to
inhibit DNA synthesis, and dietary toxins (e.g., 3-
aminopropanenitrile) have produced valuable data
on normal metabolic processes.

EPIDEMIOLOGICAL ASPECTS

There is a great need for information on the
epidemiology of developmental defects in animals, in
particular for the following purposes:

1. To identify species with defects resembling
those in man in order to define the etiology by
manipulating breeding patterns and the environment
in a way that would be impossible to achieve in man.
One must, however, take care not to misdirect efforts
towards developing animal models where man him-
self is the best model.

2. To search for defects occurring in animal spe-
cies that may give advance warning of an environ-
mental hazard to man. For example, knowledge of
the significance of disease in fish and cats, subse-
quently proved to be due to pollution of Minamata
Bay in Japan with methylmercury, might have avert-
ed the tragic epidemic of congenital cerebral palsy
eventually identified with the same agent (31).

3. To relate information on developmental defects
in animals to those in man.

In addition, it would be valuable to focus more
attention on developmental defects in our domestic
animal population, an underdeveloped field when
contrasted with experimental teratology. Over 600
teratogens have been identified by experiments in
laboratory animal species; in contrast, less than 20
agents are known to be teratogenic for man and for
domestic animals (37).
The methods of epidemiology may identify defi-

ciencies in the data sources already available, lead to
plans for new data sources or better use of old ones,
and suggest better methods for analysing data.
A simple retrospective approach comparable with

that used by Gregg in his classic study of rubella, has
shown in three separate epidemics that dams of
swine with limb defects (arthryogryposis) had grazed

on tobacco stalks. Extract of tobacco leaves and
stalks fed to pregnant sows (a prospective study)
produced identical lesions in offspring (6). Certainly,
astute observations of unusual events in laboratory
animal colonies can be equally useful. Some mechan-
ism should be devised whereby random observations
of what seem to be unusual situations can be
examined and evaluated by persons with experience
at doing so.

Retrospective studies are often criticized as being
subject to uncontrollable biases. They do, however,
provide a quick, inexpensive means of identifying
excess risk-especially when the excesses are so large
that known biases could not reasonably have pro-
duced them. Most of the known environmental
agents teratogenic for man were first identified
retrospectively. Retrospective studies would there-
fore seem the most practical approach for initial
veterinary investigations into developmental defects
at present.

Often, prospective studies may be used to define
more precisely the risk factors identified by retro-
spective studies. Thus, after Kahrs and his colleagues
had retrospectively determined infection with bovine
diarrhoea (BVD) virus in a herd of cattle prior to the
birth of five abnormal calves, they took the most
direct route of prospective study, experimental pro-
duction of infection in pregnant cows, to strengthen
the hypothesis of viral etiology for the defects (8).

Alternatively, they could have identified herds with
and without recent bovine virus diarrhoea infection
and prospectively followed these herds for birth
defects in calves, even identifying serologically those
individual pregnant cows that had been infected.
The " laterospective " approach has so far been

used most in genetically determined disease. An
excellent example of this approach is concerned with
the pigment defects in children with Chediak-Higa-
shi syndrome (a genetic disease usually causing death
by 7 years of age from bacterial infection), peculiar-
ly-coloured (Aleutian) mink with frequent infections,
and albino cattle with mild photophobia. The last
two conditions are valuable animal models for the
former. All three conditions have pigment abnor-
malities as part of the syndrome, which also includes
a defect in cellular metabolism. The cattle model was
discovered by " looking laterally " for disease asso-
ciated with pigment defects (26).
Some of the best information may come from a

chance observation by a single clinician in his daily
work or information might be gathered from cases
seen over a defined time-span at an institution.

482



NON-MENDELIAN DEVELOPMENTAL DEFECTS 483

Alternatively, information could be collected on a
regional, national, or even global basis, but this
process would, in contrast to the two methods
mentioned above, involve considerable expense in
planning, administration, and data processing.
Each of these sources has advantages not found
in the others and their development should be
encouraged.

During the last decade several veterinary data
collection and retrieval systems have been devel-
oped (36). For example, the Veterinary Medical
Data Program collects and reports on animals
brought to 16 veterinary colleges in the USA and
Canada (200 000 a year). It has been used to identify
some of the risk factors associated with developmen-
tal defects. Some veterinary colleges are setting up
individual systems of information storage and
retrieval. All these sources along with the " Biblio-
graphy of congenital defects in animals a compiled
by WHO would seem to provide an excellent basis
for the compilation of lists of developmental defects
that have been observed to occur spontaneously in
domestic animals regardless of whether the etiology
is known or unknown.
The large computer-based sources of data on

animal disease are, in addition, useful for testing
hypotheses suggested by small retrospective studies
or for generating a hypothesis by providing quick
and imaginative ways of viewing the data collected.

Baseline data are crucial to both the epidemiologi-
cal and the experimental study of developmental
defects. One main source of such data, the " con-
trol" laboratory animals used in large commercial
and governmental drug testing programmes, has
been neglected. A means of collecting data on these
animals and of making them available should be
sought.
Much of the information bearing on congenital

malformations in children is unknown to persons
studying them in animals and vice versa because it is
never published or is published in highly specialized
and often obscure journals. Any means of improving
contact among the diverse elements of clinical, ex-
perimental, and veterinary teratology should be en-
couraged.
A final complication in communication is the

tendency to modify, adapt, or create new systems of

a This bibliography was first issued in 1973 as an
unpublished WHO document (VPH/CMT/73.1) and sup-
plements are issued annually. These documents are available
on request to Chief, Veterinary Public Health, World Health
Organization, 1211 Geneva 27, Switzerland.

nomenclature for developmental defects. This prac-
tice should be discouraged. The number of systems
of nomenclature in use should be kept to an absolute
minimum, the ideal being a single, standard, interna-
tionally adopted system that could be applied to all
species without impairing its usefulness to any.

THE VALUE OF ANIMAL MODELS FOR RESEARCH
IN TERATOLOGY

Animal model systems of developmental defects
are of value in the study of human disease in three
basic ways: reproductive and teratogenic screening,
recognition of teratogens of small effect, and the
study of mechanisms.

Reproduictive and teratogenic screening
It is generally recognized that no single animal

species or taxonomic group is ideally suited for use
in evaluating possible teratogenic agents (42). Mam-
malian species offer a distinct advantage since in all
but a few unique forms there is a placenta that may
be selective in its transport functions.

In general, animals used for screening should be
inexpensive, be readily available, have a good
reproductive performance, and have a relatively short
gestation period. It is also important that background
information on their embryology, spontaneous mal-
formations, embryotoxicity, pharmacology, and tox-
icology is available. The mammalian groups of
recognized importance are rodents and lagomorphs,
carnivores, ungulates, and nonhuman primates.

Rodents and lagomorphs have the advantage of
small size, short gestation period, large litter size,
and lack of seasonal breeding cycles, and are readily
available at modest cost. A possible disadvantage, at
least for a short period of time, is the unique
placental structure (yolk sac placenta), although for
the greater part of gestation the structure resembles
that of the human placenta. The more commonly
used species are the mouse, rat, hamster, guinea-pig,
and rabbit.

Carnivores have not been used widely but may
serve an important role as the value of a range of test
animals becomes better recognized. The advantages
are that they are polytocous and have a relatively
short gestation period. They also have a different
form of placentation, which may be of unique value.
One of the disadvantages is that they are seasonal
breeders, producing only one or two litters per year.
The ferret, dog, and cat are representative of this
group.
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Some ungulates, namely the pig, sheep, and pos-
sibly the goat, show promise for selective screening
procedures. The advantage of the pig is that it
produces a large litter and its embryology is well
known. Most breeds of sheep and the goat usually
have twins, which in itself could be a distinct
advantage. In all three species the gestation periods
are of intermediate length, and the placenta differs
from that of the other groups being considered. The
disadvantage of these animals is their large size,
which necessitates large samples of the test com-
pound for dosing, and leads to increased mainte-
nance costs.
The higher nonhuman primate species offer the

advantages of a placentation and an embryological
timetable similar to that of man as well as being
closely related phylogenetically. In many instances,
their metabolism has been shown to be more similar,
than is the case with other animals, to that of man,
although this should not be assumed because of the
close phylogenetic relationship. The disadvantages
include production of only one or two young per
pregnancy, a certain degree of seasonal breeding,
and high maintenance costs.
Because of their limited numbers and the expense

of breeding, primates are best utilized for specific
purposes in teratological testing. In this regard, they
should be used in a sequence with other laboratory
species when it is evident from both physiologi-
cal and pharmacological studies that they are the
most appropriate test species. Their use in testing sex
hormones, including contraceptive steroids and oth-
er drugs that are essential to treat diseases or other
disorders of early pregnancy, appears justified.

Recognition of teratogens of small effect, and their
possible cumulative action

Systems involving animals with a background
genetic predisposition to abnormalities may be rele-
vant for the study of malformations in man, where
multifactorial causation has been implicated in the
causation of most major groups of malformation.
Changes in the frequency of particular variations,
normally of low incidence, might also produce valu-
able information (2). There are implications here for
screening teratogens of small effect or of cumulative
effect (see introduction). The system should not be
too sensitive but must be capable of indicating small
effects-a difficult combination. It should show a
clearly observable threshold (i.e., permit normal/
deviant discrimination) and should have characteris-
tics by which subthreshold effects may be evaluated.

Ideally, it should be possible to assess all the prin-
cipal elements of embryogenesis in the system.
An example is absence of the third molar tooth in

the mouse. The defect is determined by the inter-
action of many genes with environmental factors;
what is inherited is a tendency to produce small teeth.
The threshold (disappearance of the tooth) is reached
at a particular size and agents that increase the fre-
quency of missing teeth also reduce the size of the
remaining third molars (1). Teratogens of small ef-
fect may be recognized by their effects on size rather
than by absence of teeth.

Cumulative teratogenic effects may be studied in
other ways. In man, infection, fever, or the drugs
taken to relieve the symptoms produced by fever
might when present together produce developmental
changes. The effects of hyperthermia induced by
infection present a useful way of studying the effects
of other potential teratogens. The demonstration by
Edwards (10) that synchronized cell populations are
produced in the central nervous system by thermal
injury suggests a potential mechanism for increased
sensitivity to environmental agents in that system. It
would be valuable to investigate whether this finding
is applicable to other species.

It is in the context of small and cumulative effects
that we may expect the greatest benefit from animal
models of human disease. It is easier to analyse
deviant development experimentally induced in ani-
mals, in some areas at least, than it is to analyse
deviant development in man. Work of this kind may
throw light on the enormously important problem of
the extrapolation of results from animals to man. If
we can understand the mechanisms then we can
critically examine agents that interfere with them,
and can avoid being misled by similar effects seen in
both animals and man that have no etiological
connexion. In attempting to examine the variability
of reaction of different species, a number of special
methods have been explored. Thus the test agent has
been administered to the pre-implantation embryo in
vitro by addition to the culture medium, by direct
injection into the embryo, or by addition to the
medium in organ tissue culture. Other methods that
might be used during the major period of morphoge-
nesis include intra-amniotic injections, placing im-
pregnated filter paper on the amnion, injection of
material into the yolk sac, or transfer of cultured
blastocysts to a suitable host. There are a number of
objections to these techniques as screening methods,
but they are of undoubted value in experimental
work.
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Mechanisnis

The probability of an animal model system being
of value in determining the mechanism of a human
disease is determined by a number of basic princi-
ples. It must (a) throw light on some definable
problem, for example, the transplacental passage of
virus, (b) aid further study of ways in which the
embryo is damaged, say by producing a synchro-
nized cell population, or (c) provide a general back-
ground effect, perhaps growth retardation, against
which other factors may be studied.

RECOMMENDATIONS

1. An understanding of mechanisms of developmen-
tal defects is of fundamental importance for all
aspects of teratology, for example for the improve-
ment of animal screening for teratogenic effects in
man. To this end, basic research in this field should
be encouraged. A number of relevant areas have
been discussed in this report, including:

(a) the mechanisms of the " target-oriented " tera-
togenicity of some agents;

(b) the growth and maturation of the central
nervous system following reduction in numbers or
impaired function of specific cell populations.

2. In connexion with human developmental prob-
lems, veterinary medicine may help to explain some
aspects of pathogenesis, so intercommunication be-
tween human and animal programmes should be
encouraged.

3. The role of the placenta in the transport and
metabolism of chemical teratogens in common labo-
ratory and domestic animal species should be inves-
tigated during the critical teratogenic period. This
investigation should include agents that exhibit tera-
togenicity without apparently entering the embryo,
e.g., trypan blue.

4. (a) There is a need to elucidate the mechanisms
and dynamics of viral infection of the conceptus
both before and after implantation and to study the
comparative pathology of the placenta in viral infec-
tions.

(b) In polytocous species the distribution of virus
and the patterns and extent of developmental defects
can vary between littermates. There is therefore a
need to re-evaluate polytocous animals as models of

virus infection in man and to establish the relative
value for studies of pathogenesis of direct fetal
infection and maternal exposure.

(c) There is also a need to investigate the effects of
maternal immune function on the range of disease
produced by teratogenic viruses.

5. (a) The possibility of using domestic animals in
the study of developmental defects should be consid-
ered. To this end, sources of standardized data on
animal diseases that may be appropriate to epide-
miological study of developmental defects should be
established or continued. The WHO " Bibliography
of congenital defects in animals" makes an impor-
tant contribution in this regard and should be
continued.

(b) Means should be devised whereby unplanned
observations of developmental defects in animals
can be examined and evaluated by appropriately
qualified persons.

(c) The considerable amount of " baseline" data
generated by commercial and governmental drug
and chemical bioassay programmes should be made
more generally available.

(d) Communication between the people involved
in clinical, experimental, and veterinary teratology
should be improved.

6. Attention should be paid to the particular virtues
of individual species and strains for each drug testing
programme. In particular, primates should be used
only if the similarity in reproductive physiology and
embryological timetable is critical.

7. A better understanding is required of the cellular
and morphological changes underlying the altered re-
actions of animals in the behavioural tests now in use.

8. Attention should be paid to models in which
teratogens of small effect can be identified, for
example the development of the third molar tooth of
the mouse and the embryonic guinea-pig brain.

9. In view of the teratogenic effects of hyperthermia
in experimental animals, the possible role of fever in
developmental defects should be further studied and
a prospective study of the effects of prenatal fever on
human development should be commenced. Human
malaria is a disease which might be investigated in
this context.

* *
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