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CHAPTER 1

Concept of functional neuroteratology and the
importance of neurochemistry

Dick F. Swaab, Gerard J. Boer and Matthyys G.P. Feenstra

Nederlands Instituut voor Hersenonderzoek, Meibergdreef 33. 1105 AZ Amsterdam, The Netherlands

Interest 1 congenital malformations may be
raced back to the Assyrians, Babylonians and
oyptians. In ancient Greek mythology, too,
“vclops and other types of malformations are
nentioned. However, a causal link with chemicals
during development was not made in those days,
5 tar as we know. Until a century ago, factors
‘her than chemicals were generally thought to be
1e causes of congenital defects, e.g., excess or
aucity of semen, undersized uterus, abdominal
auma during pregnancy or the influence of devils
id demons (Pare, 1537, see Health Council
port, 1985). Only alcohol was considered as a
tential danger. Consumption of alcohol on
>dding days was prohibited even in ancient
wrthage, out of fear that an abnormal child might
: begotten (cf. Jones and Smith, 1975).

[t was only in the last century that Etienne
cofiry de Saint-Hilaire was able to induce ex-
rimentally anencephaly and spina bifida and
ned the term teratology (cf. Schmud, 1987). The
ncept that more subtle behavioural or func-
nal defects might be due to chemicals during
cgnancy was put forward for the first time by
erboff and Gottlieb (1963), who introduced the
'm behavioural teratology in scientific literature.
curochemical alterations 1n relation to func-
onal teratology were reported soon after these
servations (e.g., Eiduson, 1966; Tonge, 1972;
‘uttunen, 1971).

Functional neuroteratology 1s, consequently,

quite a new concept in neurosciences. Yet, the idea
that emotions of the mother might affect the fetus
1s certainly much older as 1s evident from old
wives’ tales. The birth of the S1amese twins Judith
and Helena, who were exhibited in The Nether-
lands during fairs from 1701 to 1723 was thought
to be due to the copulating dogs their mother had
watched during pregnancy (‘verzien’, Naaktgebo-
ren, 1985).

For the acceptance of the importance of the
concept of behavioural teratology catastrophes,
e.g., In Minamata Bay and Irag (Weiss, 1988) and
the description of the fetal alcohol syndrome have
been important. Lemoine et al. (1968) were the
first to report disturbed brain development in
children following alcohol use by the pregnant
mother. Such an effect had, in fact, been sug-
gested as early as in the beginning of the
eighteenth century (cf. Warner et Rosett, 1975)
and in a more recent past by Huxley, when he
described in ‘Brave New World’ how ‘Gammas’
were created by dosing the eggs almost to death
with alcohol during the ‘Bokanovsky Process’
(*“They say somebody made a mistake when he
was still in the bottle — thought he was a Gamma
and put alcohol into his blood surrogate. That 1s
why he is so stunted.” (Huxley, 1932)). Lemoine’s
findings were published in French and had, there-
fore, to be rediscovered and published in English
by Jones et al. (1973) before it became known as
‘the fetal alcohol syndrome’, which 1s 1n serious




cases characterized by microcephaly and mental
retardation.

Alcohol now appears to be only one example
of the many compounds that may cause func-
tional teratology. Such effects may also be due to,
e.g., opiates, marthuana, cafteine and nicotine (for
references see Butler and Goldstein, 1973;
Vorhees, 1986a; Tanaka et al., 1987; Swaab and

Mirmiram, 1988), to medicines (e.g., the kinds of

medicine that 80°, of pregnant Dutch women
seem to use; Eskes et al., 1983), to radiation from
atomic bomb explosions (Miller and Blott, 1972)
or X-ray examinations (Granroth, 1979), to food
additives (Olney, 1988; Weiss, 1988), to heavy
metals (Annau, 1988) or other environmental
chemicals.

Functional neuroteratology, the iceberg under the
classical teratological tip?

Some chemicals may cause only classic teratology
(e.g., lmb malformations), while others cause
only functional teratological defects but no gross
CNS malformations (Hutchings, 1983; Leonard,
1981). However, increasing numbers of chemicals
appear to have the capacity of causing both
functional neuroteratological and classical terato-
logical birth defects. On the one hand, various
well-established functional teratogens, such as
alcohol, are also found to increase the frequency
of gross morphological birth defects (Vorhees,
1986a). In general, the causal relationship
between chemicals and classical teratological de-
fects 1s, however, often hard to prove because of
he extremely high number of exposed individuals
hat 1s needed in order to result in statistically
significant numbers of affected children. On the
other hand, compounds known as classical terato-
gens also seem capable of inducing functional
defects.

[t 1s still not well established whether or not
preconceptional or early gestational exposure to
sex hormones may induce teratogenic defects, but
dysmorphic features have been reported in the
oftspring of mothers using such compounds

(Lorber et al., 1979). The enormous attention the
diethylstilboestrol (DES) catastrophy has re-
ceived was mainly based upon the small chance
(1:10000) that DES daughters would develop
cervical or vaginal carcinomas (Herbst et al.,
1981). However, functional defects seem to be
more common. About 259, of the DES daughters
and sons might develop functional, reproductive
defects (Bercel and Colwell, 1981: Stenchever
et al., 1981). The reported 5- to 7-times increased
chance that DES daughters become bi- or homo-
sexual (Ehrhardt et al., 1985) are of a similar
order to the reproductive defects, and in any case
much more frequent than the chance of gross
morphological birth defects.

There 15 a growing concern that valproate may
cause spmna bifida in about 1%, of exposed
pregnancies (Robert and Guibaud, 1982;
Bjerkedal et al., 1982). This compound 1s also
teratogenic 1n rat and mouse (Trotz et al., 1987).
However, valproic acid may be a functional
teratogen even at lower doses that do not induce
such gross malformations (Chapman and Cutler,
1984 Vorhees, 1987).

Corticosteroids, which may be teratogenic in
high doses (Baxter and Fraser, 1950; Warrel and
Taylor, 1968; Schardein, 1985) may inhibit psy-
chomotor development (Marton and Szondy,
1982) or affect behaviour when given during
pregnancy at much lower dose levels (cf. De Kloet
et al., 1988).

In conclusion, some compounds are capable of
causing both gross morphological CNS birth de-
fects and functional teratological defects. Such
compounds might seem to induce functional de-
‘ects at a higher frequency and lower dose level
than the classical malformations. Consequently,
for such compounds functional teratology seems
a more sensitive way to find their effects than the
study of classical teratological defects.

What compounds
neuroteratology?

might cause functional

An increasing number of chemicals is reported to
affect the developing brain. In fact, all those



chemical compounds which are capable of
influencing adult brain function may also affect
brain development (Swaab, 1980). At the present
time this principle has been established, e.g., for
sex hormones, corticosteroids and thyroid hor-
mones, for neurotransmitters, 1.e., acetylcholine,
biogenic amines, amino acids and peptides, for
stimulating compounds (alcohol, nicotine, caf-
feine. marihuana), anaesthetics and metals. Exo-
genous substances which alter the balance of any
of the endogenous neuroactive compounds seem
to act on the formation of the materials of the
brain, e.g., cell number, migration, connections
and receptors. They are therefore capable of alter-
ing brain development in a permanent way (for
review see Swaab and Mirmiran, 1988). When
peripherally administered compounds are ‘neuro'-
active 1in adulthood, they are evidently capable of
easily crossing biological barriers such as the
placenta and will readily reach the fetal brain.
Their level in the fetal brain might even be higher
than 1n the maternal circulation (Mirkin and
Singh, 1976) and might persist in the fetus for a
much longer time than in the maternal tissues
(Madsen et al., 1981: Simmons et al., 1983).
Compounds which are not neuroactive in adult-
hood because of poor blood-brain barrier (BBB)
penetration may be neuroactive in development as
the fetal and neonatal BBB are known to be open

‘'or many more chemicals than the adult one
(Werboff and Gottlieb, 1963).

By what mechanisms do these compounds act?

Drugs taken by the pregnant mother may impair
'he developing child’s brain 1n different ways.
Firstly, this action may be indirect, 1.e., not by
a2 direct action on brain cells. This 1s e.g., the case
with aspirin which, when taken by the pregnant
mother, may result in a higher incidence of intra-
cranial bleeding (Collins, 1981; Rumack et a.,
1981). Another action of this kind 1s the alcohol-
induced impairment of umbilical circulation pro-
ducing hypoxia and acidosis 1n the fetus

(Mukherjee and Hodgen, 1982). Prenatal expo-

d

sure of barbiturates might also influence brain
development indirectly by altering liver metabo-
lism of sex hormones (Reinisch and Sanders,
1982).

Secondly, drugs may affect brain development
by interacting directly with the formation of the
neuronal and ghlal network, e.g., by affecting cell
division, cell death, cell migration or the formation
of neurites, synapses of the synthesis of trans-
mission-related molecules such as receptors.
Most, 1f not all, medicines 1n fact appear to affect
several of these processes.

Cell acquisition 1s reported to be slowed down
by a number of medicines, both 1n vivo and iIn
vitro. Barbiturates were found to cause a 309,
reduction in the number of cerebellar Purkinje
cells and a 159 reduction 1n hippocampal
pyramidal cells. Other compounds which have
similar deleterious effects include, e.g., cortico-
steroids, chlorpromazine, alcohol, reserpine,
thyroid hormone and sex hormones (for referen-
ces see Swaab and Mirmiran, 1984; Patel and
Lewis, 1988 ; Vaccari, 1988). Indirect evidence for
decreased brain cell division 1s provided by the
smaller head circumferences which have been
found at birth following maternal treatment with
sex hormones (Huisjes, personal communica-
tion), alpha-methyldopa, propranolol or diphenyl-
hydantoin, or by the use of alcohol during human
pregnancy (for references see Swaab and
Mirmiran, 1984).

Cell death 1s augmented by nicotine (Kraus
et al., 1981), accelerated by alcohol exposure prior
to birth in the rat (Yanai, 1981), and delayed by
morphine in the chick embryo (Meriney et al.,
1985).

Cell migration may be disturbed by alcohol
(Jones et al., 1976), anticonvulsants (Trice and
Ambler, 1985) and monosodium glutamate
(Marani et al., 1982).

Formation of neurites and synapses 1s known to
be affected by sex hormones, corticosteroids,
morphine, methadone, anticonvulsive agents and
by alcohol (for references see Swaab and

Mirmiran, 1984).



Receprors may also be permanently altered by
neuroactive compounds given during develop-
ment. Just to mention a few examples,
haloperidol, which blocks dopamine receptors,
induced in this way a persisting decrease 1n the
number of dopamine receptors in the striatum
(Rosengarten and Friedhoft, 1979), whereas
L-Dopa, which increases dopamine synthesis, en-
hanced receptor density (see Miller and Friedhoft,
1988). Prenatal morphine exposure in the rat in-
creases the adult number and affinity of spinal
cord opiate receptors (Kirby, 1984), and prenatal
exposure to diazepam results in enduring reduc-
tions of its binding sites mn the rat thalamus
(Livezey et al., 198)).

[t might be good to point out that only recently
has it become clear that paternal factors may be
of importance as well (Soyka and Jofte, 1980).
The mechanism of action of such factors might be
similar to maternal factors, as 1s true, e.g., In case
of passive smoking. On the other hand, not-yet-
revealed mechanisms of action on the gametes
(Campbell and Perkins, 1988) might also exist,
e.g., in the case of developmental defects in the
offspring in case of paternal alcohol abuse, or in
the adverse effects on the offspring of male rats
pretreated with opiates, lead, ethanol, caffeine,
thalidomide, anaesthetics and cigarettes before

mating (Soyka and Jofte, 1980).

The biochemical basis of functional neuroterato-
logy

All effects of neuroactive compounds on the
developing brain will ultimately be based upon
biochemical mechanisms, whether the effect 1n-
volves cell death, cell migration, cell division,
cellular outgrowths or subcellular mechanisms.
With the emergence of functional neuroteratology
as a scientific discipline, its biochemical basis has
attained attention. It 1s striking in this respect that
the early reviewers on this field (Barlow and
Sullivan, 1975; Coyle et al., 1976) already treated
the subtle morphological, biochemical and be-
havioural disturbances as parts of one complex, 1n

which morphological and biochemical changes
underlie the behavioural changes. In addition, it
was suggested that biochemical measurements
might be more sensitive than behavioural
screening procedures. However, the discovery of
underlying chemical mechanisms has only recent-
ly obtained momentum. In this respect one may
wonder whether the term *behavioural teratology’
(Werboff and Gottlieb, 1963) is still useful. The
term ‘functional teratology’ may be more appro-
priate.

Knowledge of the anatomy and chemistry of
neurotransmission has increased enormously in
the last decades and has made clear that many
neuroactive compounds interact selectively with
particular neurotransmitter systems in the brain.
[t 1s tempting to suggest that these compounds
produce long-term or lasting effects on the devel-
oping brain by disturbing the neurochemical
processes that they are known to affect in adult-
hood. Studies following this approach in develop-
ment have reported both similarities and dif-
ferences in the mechanisms of action as compared
with the adult brain. This 1s of interest not only
because of the relation to the mechanism by which
neuroteratological effects are produced, but also
since 1t gives information relevant to the develop-
mental biology of the nervous system and to the
study of chronic treatments with neuroactive
drugs 1n adulthood (e.g., Miller and Friedhoff,
1988 ; Kellogg, 1988; Del Rio et al., 1988).

As stated by Hutchings (1980, 1983), the
trade-off between  human and  animal
neurobehavioural studies cross-validates both.
Meaningful neurochemical data are difficult to
obtain 1n the human situation, making a neuro-
chemical cross-validation at present impossible.

In the future, neurochemical measurements may
certainly contribute to our knowledge of neonatal

neuropathology, in particular with the emergence
of non-invasive techniques. However, 1n our
opinion the importance of neurochemistry to
functional neuroteratology lies not in the detec-
tion of abnormalities in the human condition, but
rather in the elucidation of the mechanism by




which neuroactive compounds have produced
these abnormalities. It 1s generally accepted that
Wilson’s principles of teratology (Wilson, 1977)
apply to functional neuroteratology (Vorhees,
1986b) and that it is not only the developmental
phase which defines the outcome of the teratologi-
cal action of a chemical, but also the access, dose,
chemical nature and, above all, the mechanism of
action of that compound (Coyle et al., 1976;
[.eonard, 1981; Hutchings, 1983). Only knowl-
edge of the mechanism of action will enable us to
predict from animal studies the teratological
potential of chemicals and this will be of great
importance not only for the development of safer
medicines, but also for unravelling the chemical
steps that are essential for optimal brain develop-
ment.

In which developmental period do chemicals affect
the developing brain?

A central principle in teratology 1s that the various
stages of development provide critical periods 1n
which the developing organism 1s more vulnerable
than 1n other stages. Because of the thalidomide
ragedy, our awareness of the dangers of drug
ngestion has cautioned us against the indis-
criminate use of medicines mainly during the 1ni-
1l stage of pregnancy. However, although later in
vestation medicines do not cause any gross physi-
cal malformations, they may cause permanent
hchavioural or other functional deviations. Litera-
ure suggests that at present there 1s not only a
otential health hazard of chemicals during the
ccond half of gestation, but during lactation as
vell (e.g., PCPs; Schardein, 1985). This 1s also an
nportant 1tem 1n relation to the increasing
wmounts of chemicals that are prescribed during
lactation.

[t seems logical that permanent alterations may
be induced as long as brain areas are still develop-
ne. Recent observations of ours on the sexual
differentiation of the human hypothalamus sug-
vest that the sensitive period for functional terato-
'ogy might even extend into the first postnatal

v

years. Observations in rat have indicated that the
sexually dimorphic nucleus (SDN) of the hypo-
thalamus 1s sensitive to sex hormones during the
period that the sexual dimorphy of this area 1s just
arising, 1.e., during the first postnatal week
(Gorski, 1984). It has been presumed that in
humans this vulnerable phase of sexual difteren-
tiation would take place during mid-gestation.
The SDN has been localized in the human hypo-
thalamus as well, and 1n adulthood contains twice
as many cells in man as in woman (Swaab and
Fliers, 1985). However, 1n a recent developmental
study (Swaab and Hofman, in prep.), the SDN
appeared not to become sexually dimorphic dur-
ing mid-gestation, but only after several years
postnatally. This suggests that, at least for a few
postnatal years, this process might be affected by
chemicals.

A postnatal vulnerable period 1s also a relevant
consideration for compounds other than sex hor-
mones, e.g2., in children suffering from minimal
brain dysfunction, who are often subjected to
extremely high doses of imipramine- or amphet-
amine-like drugs (for review see Gross and
Wilson, 1974), despite the fact that improvement
often occurs even in the absence of any medi-
cation whatsoever. The same concerns may be
expressed with respect to the treatment of noctur-
nal enuresis by means of antidepressants
(Huygen, 1979), about steroids used in order to
inhibit growth in extremely tall boys and girls (Van
der Werff ten Bosch and Bot, 1981: Van der Wertt
ten Bosch et al., 1986), about clonidine treatment
of children for short stature (Pintor et al., 1987)
and about oxytocin used to induce lactation (Boer

and Kruisbrink, 1984).

When might symptoms of functional teratology
occur?

One of the main problems of recognizing symp-
toms of functional teratology is the long time inter-
val between the moment that chemicals are acting
upon the developing brain and the occurrence of
symptoms. Often, the first occasion that altered



functions may become apparent is at school-going
age. This has been reported, e.g., for smoking by
the pregnant mother, which affects the school per-
formance of the child (Butler and Goldstein,
1973, Abel, 1980). It goes without saying that, for
this reason, 1t 1s often hard to prove a relationship
between early exposure to chemicals and
functional defects. Effects might even occur very
late in life. In a study on the effect of clonidine on
the development of rat brain and behaviour, this
compound appeared to affect masculine sexual
behaviour in adulthood (Mirmiran et al., 1983).
Many other chemicals, when given during devel-
opment might affect reproduction (for references
see Swaab and Mirmiran, 1988). If such repro-
ductive effects would also hold for human sub-
jects, the time interval between the use of chemi-
cals and the appearance of symptoms might be as
long as several decades in humans. The obser-
vation that the effects of prenatal stress or chemi-
cals administered during development might even
be carried over to following generations (Friedler,
1974, Pollard, 1986; Campbell and Perkins,
1988) has added a new dimension to this long time
interval.

functional

What symptoms  belong to

neuroteratology?

Another set of clinical problems of functional
neuroteratology 1s that chemical compounds do
not generally give rise to a syndrome in the child
that can easily be recognized by the clinician as
being specific to a particular compound. In fact
the symptoms, e.g., cognitive disturbances, men-
tal retardation, reproductive or motoric defects,
disturbed language development or sleep dis-
turbances, may have so many different causes that
one usually does not even make the connection
between symptoms and chemicals at all. For
instance, sexual differentiation of the brain may be
affected not only by sex hormones, but also by
serotonin, noradrenaline, dopamine-related
drugs, nicotine, alcohol, cimetidine, morphine
barbiturates, and maternal stress (for references

see Swaab and Mirmiran, 1988). In addition, one
compound, such as alcohol, may cause many
different symptoms, e.g., prematurity (Berkowitz
et al., 1982; Kaminski et al., 1981), cognitive dis-
turbances and mental retardation (Spaans and
Verspreet, 1981), language disturbances (Gusella
and Fried, 1984) and disturbances of sexual dif-
ferentiation (McGivern et al ., 1984), possibly
depending on the stage of development in which
it was acting on the fetal brain (cf. Rodier, 1988).

A third problem in functional teratology is that
clinicians do not find defects caused by chemicals
during development, because they do not know
whet symptoms exactly they should look for. The
sleep disturbances in 6- to 8-year-old children
whose mothers had been treated with clonidine
(Huisjes et al., 1986) were only found because
Mirmiran et al. (1983) had described sleep defects
before 1n rat, after early postnatal treatment with
the same compound. In this respect animal experi-
ments might be very valuable in focussing the
clinician’s attention to a particular set of symp-
toms to look for in relation to functional terato-
ogy.

A fourth problem 1s that functional teratology
might contribute to more-or-less circumscribed
neurologic or psychiatric disease entities that at
present are generally considered to be multi-
causal. One of such diseases 1s schizophrenia.
Jakob and Beckmann (1986) described histologi-
cal alterations in limbic regions, e.g., heterotopic
displacement of nerve cells in entorhinal cortex,
suggesting a disturbance of neuronal migration
during mid-gestation in which environmental fac-
tors might play a role. The autistic brain might also
have been aftected during development (Bauman
and Kemper, 1984 ; Sanua, 1986). Pregnancy and
birth complications have repeatedly been
mentioned as possible causes of infantile autism.
However, unexpected differences in preconcep-
tional histories of the families of autistic children
have been reported as well. An increased in-
cidence of exposure to chemicals of the parents of
such children was noted in a retrospective study
(Coleman, 1979). In a follow-up study of 40






















