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Trends and prospects in experimental
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SAVOLAINEN H. Trends and prospects in experimental neurotoxicology. Scand j work
environ health 9 (1983) 214—218. A brief survey is given of the neurotoxic mechanisms
of selected industrial compounds. They can be divided for practical purposes into
hypoxic or histotoxic mechanisms, reactive metabolite-mediated mechanisms and effects
related to the accumulated burden. It is clear that this classification is not necessarily
valid for the developing nervous system. Therefore, it is suggested that complete test
systems for neurotoxic effects should also include prenatal and neonatal exposure. This
inclusion is even more important because a significant proportion of embryotoxic or
teratogenic effects are related to deleterious changes in the nervous system. An under-
standing of these developmental effects should also help in the design of epidemioclogic
studies.
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Poisoning episodes have brought about
the importance of neurotoxicology as an
independent discipline which would have
lessened the deleterious effects of tha-
lidomide in Central Europe (37), of
methylmercury in Iraq (2), Canada (62) or
Japan (12), of allylchloride in China (20),
or of clioquinoline in Japan {59) and
Europe (3).

Experimental neurotoxicology has aided
in the elucidation of the mechanism of
pathogenesis in the occupational neuro-
pathies in exposure to carbon disulfide or
hexacarbon ketones or hexane [for a
review see an earlier report (53)]. The
understanding of toxic mechanisms allows
unifying  theories and consequently
classifications of neurotoxic compounds
superior to those based on the direct com-
parison of effects and the offending agent
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(10, 45), which renders the lists long and
perhaps impossible to memorize.

Many neurotoxins have gone undetected
so far (19) because no single experimental
detection technique is sensitive or specifie
enough if applied alone (42). This circum-
stance is due to the fact that the nervous
system functions cannot be defined as
readily as, eg, that of the liver or kidneys.
Behavior is an important product of the
brain, and yet the nervous system also con-
trols and maintains many other organ sys-
tems by endocrinologic means, by direct
innervation and electric stimulation, or
through the so-called trophic control by
modulatory protein molecules delivered
directly and specifically to the appropriate
cells. The nervous system also actively
participates in the control of development
and maturation in the fetal and early
postnatal period.

It is the aim of this treatise to present
some of the key issues and try to outline
future trends for test systems based on the
newer advances in the neurosciences.
These methods are hopefully more power-
ful in the detection of toxic effects.



Aspects of neurotoxic mechanisms
in the adult nervous system

The nervous system is vulnerable to the
deprivation of oxygen and to the histo-
toxic or hypoxemic effects of hydrogen
sulfide (53), hydrogen cyanide (64), carbon
monoxide {65), and formic acid (55, 66, 67).

The acutely intoxicating effects of
inhaled solvent vapors are known to those
engaged in producing paints, glues and
lacquers or applying solvent-based
coatings or operating degreasing installa-
tions. It seems that the inhaled lipophilic
molecules are rapidly carried to the
nervous system across the blood-brain
barrier and that they are incorporated in
the excitable membranes where they
cause an increased fluidity of the semi-
fluid system which impairs the ionic
conductance and formation of action
potentials (47). Chronically or repeatedly
exposed subjects acquire a tolerance to-
wards these fluidizing effects so that
isomolar doses no longer cause equivalent
effects [for a review see an earlier report
(63)]. This tolerance is nonspecific so that,
eg, cells adapted to ethanol show similar
adaptation towards other alcohols (34).

It is not often that these acutely intoxi-
cating effects are of appreciable concern
in the industrial setting. However, chronic
neurotoxicity of, eg, n-hexane and its
metabolites is a recognized hazard in
trades extending from the shoe industry
to coated fabrics plants (1, 4). The chroni-
cally toxic effects may depend on the
formation of more toxic metabolites in the
nervous system (52). Nervous system
cells contain a capacity for required
metabolic activation (36, 43) although it is
not certain whether the activity can be
induced (22) as is the rule in the liver.

Water-soluble contaminants, like many
metal ions, do not penetrate the blood-
brain barrier as the lipid-soluble com-
pounds do. This situation implies that a
threshold concentration must be overcome
before nervous system toxicity may be
seen. Protection is therefore afforded
for the neurons from, eg, the direct
toxicity of mercury or lead, while there is
also the drawback that ions accumulated
at the protective barriers are not subject
to similar rapid removal as material in the
blood. Thus lead accumulates in the brain
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{29) and in the sciatic nerve (21) during
continued exposure even if the trans-
mitting blood compartment is in a virtual
steady state. According to this hypothesis,
the accumulated osmotically active lead
increases the fluid pressure in the peri-
pheral nerves and causes the neuropathy
(63). Analogous  mechanisms could
account for diabetic (13) and galactosemic
(40) neuropathies. For practical purposes,
the neurotoxic effects in adults can be
divided into three categories that can be
summarized as follows: (i) agents causing
hypoxic and histotoxic hypoxia (carbon
monoxide, hydrogen sulfide, hydrogen
cyanide, organic nitriles, formic acid,
many products of polymeric thermal de-
gradation), (ii) agents with reactive inter-
mediates (trichloroethylene, carbon di-
sulfide, n-hexane, styrene, vinyltoluene,
methyl cellosolve), and {iii) agents with
accumulation and burden-related effects
(cadmium, lead, mercury, chlorinated and
brominated biphenyls, dibenzodioxins,
furans).

Fetal and developmental neurotoxicity

There is no doubt about the delivery of
many maternal xenobiotics in the develop-
ing fetus (11, 18, 38) although it is equally
convincing that a number of effects are
maternally mediated (27, 39). Therefore,
it is futile to describe only the teratogenic
effects of any chemical without trying to
analyze its concentration in the developing
offspring.

The maturation of the human central
nervous system extends several years into
the postnatal period in morphological (25)
as well as Dbiochemical terms (54).
Significant intrauterine events are the
formation and closure of the neural tube
on gestation days 22 to 26, while the first
major migration of cerebral neuroblasts to
their eventual locations occurs at days 43
to 90. Consequently the neocortex is
formed within the period of the third to
the eighth gestational month. For com-
parison the encephalic vascularization is
more or less complete within the third
gestational month.

As true mutations are rare causes of
major structural anomalies or behavioral
deficits (16, 23, 44), exposure to a poten-
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tially toxic chemical must occur within
the appropriate critical period (46) to
cause the specific outcome. Thus enceph-
aloclastic lesions with arrested neuro-
blastic migration can only be caused in
early pregnancy {41), while the cause of
holoprosencephaly and agenesis of the
corpus callosum may be traced to a later
period (26).

On the whole, the migration of cells and
the constitution of cellular contacts are
subject to complicated biochemical and
morphological surface modifications (14)
and to subsequent interactions of neuronal
and glial cells (8) so that the final locations
are achieved (5). It is currently believed
that the axon elongation that follows
later is guided by cells of nonneuronal
origin already at their locations (15).

Reciprocally the outgrowing axon con-
trols, eg, the development of a limb by
secreting a trophic agent (35). Amelia, or
malformed limb, was the result of expo-
sure in utero to thalidomide (37), and there
is a strong case that the primary cause
was the degeneration of the relevant axons
[for a review see an earlier report (37)].
However, outgrowing axons do not control
all developing structures (61), and also
motor nerve branches fail to form in chick
wings devoid of muscle (30).

Apart from failure to form the proper
anatomical faculties, chemicals can also
inhibit biochemical maturation. A single
injection of methylazoxymethanol to preg-
nant rats on the 15th day of gestation
causes arrest of myelination in the off-
springs with resultant behavioral deficits
(60). L-cysteine dosed to neonatal rats
causes specific behavioral deficits in later
life by the destruction of already formed
neurons in the hippocampus (57). Like-
wise, reserpine given to 11-day-old rats in
a single dose hinders DNA (deoxyribo-
nucleic acid) synthesis in the forebrain
(31), and a single injection of methyl-
mercury to pregnant golden hamsters
produces degenerative changes in fetal
neuroblasts (48), which remain in the
adult animals and even cause progressive
damage {49).

There are indications that most xeno-
biotics enter the developing brain more
readily than they do in adults. The blood-
brain barrier matures in the postnatal
period (7, 9). This fact is reflected by the
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finding that encephalopathy is the
presenting sign of lead toxicity in
children (33), while neuropathic changes
are found in adults (56).

Comments

The testing of chemicals for neurotoxicity
should include experiments in the fetal
and neonatal period as is urged for
protocols to reveal carcinogens (17). How-
ever, counts of malformed fetuses do not
suffice. The developing nervous system
elements are amenable to isolation and
biochemical analysis (50, 51), and the
specimens can also be subjected to
morphological analysis. This procedure
would greatly expand the predictive
scope of the tests.

For newborn babies, birthweight is a
good clinical predictor for neurobehavioral
performance (28, 32). Learning-disabled
children also have abnormal head circum-
ference, above or below the mean of
controls = 3 SD (6, 58). A sound epi-
demiologic study on the teratogenic effects
of a chemical should therefore include
birthweight data and, preferably also,
head circumference. A good correlation,
eg, with a mother’s smoking habit (18)
and ethanol abuse (24) exists.

The intention is clearly not to expand
the existing testing schemes but to modify
them according to recent advances in
toxicology. The rigid testing guidelines
should be abandoned and replaced by
tiered systems according to specific needs.
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