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Abstract

Developmental neurotoxicity constitutes effects occurring in the offspring primarily as a

result of exposure of the mother during pregnancy and lactation. To exert their effect, these

chemicals or their metabolites must pass the placenta and/or the blood-brain barrier. In

experimental animals, exposure to neurotoxic chemicals during critical periods of brain

development has induced permanent functional disturbances in the CNS. Although available

data suggest that proper animal models exist, only few chemicals have been tested.

Neurotoxicity testing is not required by national authorities for classification of chemicals.

Epidemiological evidence is very limited, but severe irreversible effects have been observed

in humans following in utero exposures to a few known developmental neurotoxicants. The

large number of chemicals with a potential for developmental neurotoxicity in humans

stresses the importance of generating basic kinetic data on these chemicals based on relevant

experimental models. First of all, data are needed on their ability to pass the placenta and the

developing blood-brain barrier, to accumulate, and to be metabolized in the placenta and/or

the fetus. These kinetic data will be essential in establishing a scientifically based hazard

evaluation and risk assessment. 
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Introduction

Developmental neurotoxicity involves alterations in behaviour, neurohistology,

neurochemistry, neurophysiology, and/or gross dysmorphology of the central nervous system

(CNS) occurring in the offspring as a result of chemical exposure of the mother during

pregnancy or  during lactation. To reach the fetus, the chemicals must pass the placenta. The

use of the term placental barrier often leads to the misconception that the placenta acts as a

barrier to protect the fetus against potentially toxic compounds. The placenta should more

correctly be perceived as a dynamic and changeable interface that allows  transport of

essential compounds and nutrients between two compartments. Harmful xenobiotics may,

however, also pass this set of membranes. Several neuroactive drugs and substances of abuse

(e.g., ethanol, cocaine and heroin) have been documented as human developmental

neurotoxicants (Stanton and Spear 1990) while the neurotoxic risk following exposure to

environmental chemicals during pregnancy has been investigated only to a limited degree.

The purpose of this paper is to describe the extent and significance of present knowledge on

adverse effects due to fetal or neonatal exposure to neurotoxic compounds. 

Transplacental transfer of neurotoxicants

Transplacental passage may occur through active transport, facilitated transport or through

passive diffusion. The selectiveness of this passage is mainly associated with an active

transport of amino acids, glucose, vitamins, and inorganic ions, and the placenta is able to

transfer these compounds to the fetus against a concentration gradient, thereby ensuring

adequate levels of essential substances for fetal growth (Salama et al. 1993). Some foreign

compounds may mimic essential compounds or may be bound to such compounds for which a

transport mechanism exists. Thus, some of the toxic metal ions can use existing ion channels
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to pass membranes. Placental permeability to other chemicals is influenced both by placental

characteristics (e.g., thickness, area, carrier systems, lipid and protein content) and by

chemical characteristics such as the degree of ionization, lipid solubility, protein binding, and

molecular weight. Placental blood flow, placental permeability, and placental metabolism

which all affect placental transfer of chemicals are not static during pregnancy  but change as

the gestation progresses (Slikker and Miller 1994). 

In adults, neurotoxicants must pass the blood-brain barrier (BBB) to exert their toxic effects.

BBB transfer of drugs  is correlated to their lipid solubility (Watanabe et al 1990). Therefore,

many compounds identified as neurotoxicants in adults have the potential also to pass the

placenta rapidly and to reach the fetal circulation upon exposure of the mother. However, to

which extent neurotoxic compounds constitute a risk to the fetus is generally not known,

partly because of the insufficient knowledge on kinetics of placental passage.

Susceptibility of the developmental nervous system

Selective susceptibility of the developing nervous system may be due to several toxicokinetic

factors, including differences in metabolizing enzymes, rates of excretion, differential binding

affinity to target proteins, and partial lack of a BBB in the fetus. The fetal BBB develops

during pregnancy and in humans, and the BBB is not fully developed until the middle of the

first year of life (Rodier 1995). During this pre- as well as postnatal period with an incomplete

BBB, some toxic agents, e.g. cadmium, that are very unlikely to enter the mature brain may

pass into the developing brain (Levin and Miller 1980). Further, recent data demonstrate that

different classes of pesticides are able to change the permeability characteristics of the BBB

in rats when administered during susceptible periods of the BBB development, and this effect
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may  persist for varying periods after cessation of exposure (Gupta et al. 1999). A changed

BBB may render the nervous system more vulnerable to other toxicants that would otherwise

not be able to pass the BBB. 

The enhanced susceptibility of the developing brain seems to depend to a great extent on

disruption of sensitive processes that occur only during development when the CNS

undergoes defined periods of maturation (Tilson 1998), and more data are clearly needed to

elucidate the importance of a changed BBB for neonatal neurotoxicity as well as neurological

dysfunction of later life. 

Although the developing nervous system has some capacity to adapt to or compensate for

early perturbations, there is clear evidence that the developing nervous system is more

vulnerable to many chemical agents than the adult nervous system (Tilson 1998). During the

transition from neuroblasts to mature neurons, cells transiently retain a substantial degree of

phenotypic plasticity. A normal  microenvironment during these stages is needed to fine-tune

the sensory systems which  are highly sensitive to microenvironmental manipulation (Kentroti

1997, Ahlbom et al. 1995). The maximum rate of neurogenesis in different parts of the brain

occurs during different stages of development (Rodier 1980) but neurogenesis is only one

stage of brain ontogeny. Neuron migration, development of receptors and transmitter systems

and myelination continue after birth. Besides, it is assumed that neurons once damaged or left

behind have a limited capacity for regeneration. Accordingly, exposure to neurotoxic

substances during such critical developmental periods can have  long-lasting consequences

and alter CNS function in a manner that does not compromise the growth and viability of the

fetus but causes severe neural and/or behavioural changes. 
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In many mammalian species, a rapid growth of the brain occurs, known as the ‘brain growth

spurt’. In the common laboratory animals (mouse and rat), this period is entirely neonatal,

spanning the first 3-4 weeks of life. During this period the brain undergoes several

fundamental developmental phases, e.g., maturation of axonal and dendritic outgrowth,

establishment of neural connections, synaptogenesis, multiplication of glia cells with

accompanying myelination (Dencker and Eriksson 1998). Thus several critical windows for

induction of persistent neurotoxic effects may exist during this period of development

(Eriksson 1997). In humans, the ´brain growth spurt’ begins already during the third trimester

of pregnancy and continues throughout the first years of life. Thus, most previous

experimental studies on developmental neurotoxicity using in utero exposure may have failed

to study this susceptible period. Therefore, species-specific differences in development and

maturation of the nervous system need also to be taken into account in relation to risk

estimation. 

Developmental neurotoxicants in experimental animals

A large number of chemicals have been reported to be neurotoxic in experimental animals,

and many of these compounds have also been found to cause malformations and/or growth

abnormalities in the progeny of exposed females, although in some cases only in higher

dosages. Several of these compounds could probably also affect the developing nervous

system but this aspect has very often not been examined although functional effects have been

suggested to be more sensitive (i.e., to occur at lower doses) than teratogenic measurements,

such as embryolethality, malformations, and growth retardation (Vorhees 1997). 

To identify developmental neurotoxic chemicals, a literature survey (Toxline, OSH-ROMTM:
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1981-1999) based on key-words ((NEUROTOX* or NEURO near TOX*) and (EMBRYO*

or FOETUS* or FETUS* or FOETAL* or FETAL* or POSTNATAL* or NEONATAL* or

DEVELOPMENTAL or REPRODUCTION-TOX* or REPRODUCTIVE-TOX* or

PLACENTA)) was conducted . After drugs and drugs of abuse were excluded, the compounds

demonstrating an adverse effect in the progeny after prenatal exposures in mammals were 21

pesticides, 14 solvents, 9 metals or organometal compounds and 5 other industrial chemicals

(Table 1). A similar number of chemicals in the respective categories were identified as

developmental neurotoxicants by Goldey et al.(1995) based on a literature search from

different sources. This number is certainly not exhaustive and does not provide any evidence

of effects in humans. Hence, there is convincing experimental evidence that exposure to low

levels of neurotoxic substances during vulnerable developmental periods can induce

permanent functional disturbances in CNS. Because the biological processes involved in

neurogenesis and maturation of the nervous system are similar in humans and animals, one

could expect analogous neurotoxic effects if the compounds can reach the human developing

brain in relevant concentrations at critical time points.

Extrapolation from experimental animals to humans

Several issues must be considered regarding extrapolation between species. The placenta is

not static but varies considerably throughout gestation. Humans exhibit two placentae, i.e. the

early yolk sac placenta (days 13 to 80 of gestation) which overlaps developmentally with the

later chorioallantoic placenta (day 21 to term) (Slikker and Miller 1994).  Extrapolation from

experimental studies on placental transfer has thus previously been questioned due to

differences in membrane structure, i.e., the number of cell layers separating the maternal

blood from the fetal blood. Though differences in membrane structure and transit times may
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occur, implications are, however, minimal regarding transplacental passage of essential as

well as foreign substances (Salama et al. 1993, Slikker and Miller 1994).

Different in vitro methods have  been developed to investigate placental transport of

chemicals. The isolated perfused placenta model uses placental tissue from animals or humans

(Slikker and Miller 1994). This model can, however, only be used to study chemicals that

cross the placenta by passive diffusion (Tuntland et al. 1999) and until now it has mainly been

used to study the placental transfer of pharmaceuticals. The in vitro models might though be

useful tools to predict the potential for placental transfer of substances occurring in

occupational and environmental exposures.

Different pharmacokinetic models have been developed to facilitate extrapolation of placental

transfer from animals to humans (Kim et al. 1996). However, a number of factors limit their

application in risk assessment, e.g., differences in the binding of the chemicals to serum

proteins. Thus, protein binding of individual compounds may change during pregnancy and

may vary between mother and fetus. Also, if a chemical has been metabolized to a polar form

or conjugated by the fetus, the rate of return to the maternal circulation will be slower than

that of the parent compound. Moreover, when considering transport it is important to

recognize that the placenta can also be a site for storage of chemicals as well as a site for

biotransformation (Slikker and Miller 1994). Hence, chemicals may be detoxified or

metabolised to more toxic substances by metabolizing enzymes (e.g., cytochrome P450

enzymes) in the placenta. In the fetus the development of metabolizing enzyme systems varies

between species and in humans they are not fully developed during the embryonic/fetal period

(Cresteil 1998). 
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Species differences in the time of CNS development may impair the use of rodents in these

models  since some of the targets for neurotoxic chemicals are developed postnatally in

rodents but prenatally in other species including humans. Guinea pigs may be a preferable

animal model since the time schedule of brain development in this species is more similar to

humans. For the few environmental agents known to be developmental neurotoxicants in

humans (lead, methylmercury, PCB), developmental toxic effects (e.g. cognitive or motor

deficits) have been observed in both humans and laboratory animals. However, for these

substances developmental neurotoxicity seems to be induced at lower dose levels in humans

than in laboratory animals although quantitative  comparisons are hampered by use of

different endpoints and insufficient dose-response data (Stanton and Spear 1990, Tilson and

Kodavanti 1997).

Environmental human neurotoxicants

Epidemiological and clinical evidence suggest that developmental neurotoxicity has been

underestimated. Based on published information, at least 138 industrial chemicals were rated

as neurotoxic to humans, i.e. causing clinical signs and symptoms such as addiction, ataxia,

coma, delirium/hallucinations, muscle fasciculations, narcosis, organic psycosyndrome,

paralysis, paraesthesia, Parkinsonism, peripheral neuropathy, and tremors (Kimbrough et al.

1989, Grandjean et al. 1991). This group of chemicals included 55 pesticides and related

compounds, 24 solvents and other organic compounds, and 18 metals and organometal

compounds (Table 2). The remaining neurotoxicants were mainly used in the chemical

industry. This number represents human neurotoxicants presently identified. Because valid

information on human neurotoxic effects of industrial chemicals is scarce the true number
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may be considerably higher. 

For most of the compounds mentioned in Table 2 there is no or only little information about

the transplacental risk, and for the few compounds demonstrated to affect the fetus  there is

continuing controversy about the dose-response relationships. Although most of the

neurotoxic chemicals are probably capable of crossing the placenta,  convincing  evidence on

prenatal neurotoxicity in humans is so far restricted to two metals (lead, methylmercury)

(Banks et al. 1997, Grandjean et al. 1997) and chlorinated biphenyls (Chen et al. 1992, Tilson

and Kodavanti 1997). Thus, insufficient human data poses severe limitations for a

scientifically-based risk assessment in relation to developmental neurotoxicity.

Discussion

Early exposure to lead has dramatically illustrated that developmental exposure to a

neurotoxicant may have serious consequences for children in modern society (Banks et

al.1997). Much less evidence is available on the effect of other neurotoxicants on the

developing nervous system. Only for lead, methylmercury and PCBs is the epidemiological

evidence of developmental neurotoxicity convincing (Banks et al. 1997, Grandjean et al.

1997, Chen et al. 1992), although at least 135 other industrial chemicals have caused

neurotoxicity in adults, and many additional compounds have been shown to cause such

effects in experimental animals. The lack of valid human data may prevent a scientific

evaluation of the potential developmental neurotoxic hazard from exposure to these

chemicals, thus perhaps leading to insufficient preventive efforts. 

Given the substantial difficulties in generating epidemiological data, relevant evidence from
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targeted experimental studies is badly needed.  An important task in this respect is a better

knowledge on the ability of relevant compounds to pass the human placenta. Especially more

information on transfer rates at different stages of pregnancy would be very valuable in order

to assess the exposure potential of the fetus at different stages of brain development. More

data  in this field would also offer opportunity to evaluate to which  extent  chemicals may be

grouped in classes based on their ability to cross the placenta. Structure-penetration studies in

this area would be highly relevant. 

The vast majority of previous experimental studies on developmental toxicity, including

neurotoxicity, has used rodents exposed to a few repeated doses during 6-9 days of the

gestational period. Evidence now renders this experimental approach insufficient as severe

and irreversible neurotoxic effects may remain undetected. Thus, there is a pertinent need for

implementing experimental models able to detect effects occurring throughout gestation and

the neonatal period. These models may, depending on the human exposure situation, include

continuous exposure or short-term exposure during susceptible pre- or postnatal periods.
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Table 1. Experimental neurotoxicants reported to cause toxic/adverse effects in offspring after

pre- or postnatal exposure.

Pesticides 

and related compounds

Organic solvents/industrial chemicals metals

chlordecone

chlordimeform

chlorpyrifos

2,4-D

deltamethrin

dilor

dinoseb

disulforon

endrin

ethylene thiourea (ETU)

ethylene oxide

fenitrothion

fenvalerate

hexachlorobenzene (lindan)

nicotine

permethrine

polychlorocamphene

trichlorofon

toxaphene

trichloroethane

simazine

acetaldehyde

carbon monoxide

carbon disulfide

diethylhexylphthalate (DEHP)

ethanol

ethylene glycol

ethylene glycol monomethyl ether 

(methoxyethanol)

methanol

methyl ethyl ketone (MEK)

methyl pyrrilidone (NMP)

hexane

PCB

PBB

styrene

sulfur dioxide

toluene

trichloroethylene

xylene

aluminium

arsenic

cadmium

lead

mercury

methylmercury

triethyllead

trimethyllead

triethyltin

trimethyltin
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Table 2. Pesticides, solvents and metals rated as neurotoxic in humans.

Pesticides and related compounds Solvents and other

organic compounds

Metal and metal

compounds

Aldrin

Carbophenothion

Chlordane

Chlorfenvinphos

Chlorpyrifos 

(Dursban)

Chlorthion

Cyanides

2,4-D

DDT

DNOC

Demeton (Systox)

Dialifos

Diazinon 

Dichlofenthion

Dichlorvos

Dieldrin

Dimefox

Dimethoate 

Dinoseb

Dioxathion

EPN

Endosulfan

Endothion

Endrin 

Fenitrothion

Fensulfothion

Fenthion 

Fonofos

Formothion 

Isopestox (Mipafox) 

Isopropylphenylmethylcarbama

t 

Kepone (Chlordecone)

Leptophos

Lindane (,y-HCH) 

Malathion 

Merphos

Metaldehyde 

Methamidophos

Methidathion

Methomyl

Methyl demeton

Methyl parathion

Mevinphos (Phosdrin)

Mexacarbate 

Monocrotophos

Oxydemeton-methyl

Parathion

Phorate

Phosphamidon

Schradan

Sodium cyanate

Thiram 

Toxaphene (Camphechlor) 

Trichlorfon

Tri-o-cresylphosphate

Acetone cyanohydrin 

Allyl chloride 

Benzene

Carbon disulfide

a-Chloralose

Chloroform

Ethanol

Ethylene glycol

Ethylene oxide

n-Hexane

Isopropyl alcohol

Methanol

Methyl n-butyl ketone

Methyl cellosolve 

Methyl chloride

Methylene chloride

2-Nitropropane

Perchloroethylene

Phenol 

Tetrachloroethane

Toluene

l, l, l -Trichloroethane

Trichloroethylene

Trimethylene trinitramine 

(RDX)

Aluminum

Arsenic

Arsine 

Barium

Bismuth

Lead

Manganese 

Mercury

Methylmercury

Nickel carbonyl

Selenium

Selenium oxide

Tellurium

Tetraethyllead 

Thallium

Triethyltin

Trimethyltin 

Triphenyltin
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