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For decades embryonic and fetal injuries were conceived in terms of birth defects (congenital
malformations). Effects on the central nervous system (CNS) were recognized if the brain was visibly
affected or the child was severely intellectually disabled. This view began to change in the 1960-70s.

We know from our own experience that cognitive development is a long process; think how long you
have spent in school. From functional neuroimaging studies we know that the prefrontal cortex,
where planning and judgment are mediated, does not fully mature until approximately 24 years of
age. This protracted development means that the brain is potentially vulnerable to having these
developmental processes perturbed from the start of embryogenesis all the way to young adulthood.

The concept that chemicals can damage the developing brain (neurobehavioral teratogenesis or
developmental neurotoxicity) is today an accepted fact. How did this recognition emerge? There
were a series of environmental and drug effects that occurred that damaged the developing brain of
many children, and these effects or “mistakes” created an awareness that prenatal and later
developmental insults to the nervous system can have long lasting effects. Moreover, these
functional effects can be observed even if the cellular basis for them is not known at the time the
effects are detected. Finding the cellular and molecular basis of changes in how the brain functions
is difficult, and because access to the brain is limited, we often lack the means to “see” into the brain
in enough detail to find exactly where the problem is or how it originated. Brain imaging methods,
particularly functional magnetic resonance imaging (fMRI) and positron emission tomography (PET),
are changing this ability to see, but these methods are still not at the level of precision needed to
identify most brain disorders.

One of the first environmental problems that brought functional brain changes to people’s attention
was identified because of mercury contamination in Minamata Bay in Japan. People living around
the bay relied on fish as a staple of their diet. The mercury discharged by factories around the lake
settled to the bottom where it was transformed to methylmercury in plants and concentrated
progressively as it worked its way up the food chain to the largest fish, and these fish were
consumed by those living near the lake. As the methylmercury accumulated in people around the
bay, they began to show symptoms. People of all ages showed symptoms, but the most severe were
seen in children, especially in newborns. The effects included cognitive impairment, cerebral palsy,
blindness, coordination problems, and other deleterious effects. Methylmercury poisoning has since
been reported in other places; each time the most severely affected were children who were
prenatally exposed. Even women who ingested moderate amounts had affected children despite
showing no symptoms themselves, demonstrating that the developing brain is more vulnerable than
the mature brain.
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The heavy metal lead is the best known chemical that causes CNS impairments in the US. Adverse
effects are seen after prenatal or childhood exposure or a combination of both. Behavior was found
to be the most sensitive end point for the effects of lead. In fact, an entirely safe level of lead
remains to be determined; at present there is no safe level of exposure for children. Lead is
illustrative of developmental neurotoxicity for several reasons: (1) it was a pervasive element for
decades, and it remains a problem in urban areas today; think of Flint, Michigan, Washington D.C.,
and Los Angeles and the revelations that lead is in the water of many of cities and neighborhoods
unbeknownst to residents, despite the fact that lead was removed from gasoline, paint, and other
products decades ago. The effects of lead are still being felt because removing lead from old houses
is costly and time-consuming; lead is in buried layers of paint, in dust and soil, and in water pipes
and is difficult and expensive to remediate; (2) lead is a global problem affecting most industrialized
countries; and (3) lead effects occur over a long period of development because lead is sequestered
in the body and maturation of the brain is slow, creating a long exposure period.

Other environmental agents that cause developmental neurotoxicity with sufficient exposure include
the heavy metal cadmium, arsenic, manganese, polychlorinated biphenyls, and some pesticides,
and there are suspicions about some of phthalates in plastics, bisphenol A from incinerators, and
polybrominated diphenyl ether flame retardants.

What about drugs? Drugs are designed to have biological effects so it is no surprise that of the all
drugs sold, some unexpectedly turn out to cause birth defects including neurotoxic effects. The most
infamous teratogen is thalidomide. Thalidomide was sold as a general sleep aid and pregnancy anti-
nausea medication and was thought to be so safe that it was approved in Germany and several
other countries to be sold over-the-counter. But when taken during the first trimester, thalidomide
caused limb reduction defects and other birth defects. Later evidence showed it also was associated
with increased prevalence of autism.

Two legal, recreational drugs can also adversely affect brain development and behavior: alcohol and
tobacco. Both can result in life-long neurobehavioral problems. At the upper end of exposure,
prenatal alcohol causes the Fetal Alcohol Syndrome (or Fetal Alcohol Spectrum Disorder; FASD),
characterized by three clusters of effects: (a) growth impairment (pre- and postnatal), (b) facial
dysmorphogenesis, and (c) brain/behavioral effects. The latter include changes in structure (using
brain imaging) and behavior of affected individuals (intellectual impairment, attention-deficit
hyperactivity disorder (ADHD), emotional instability, and antisocial behavior). There are also less
severe effects, called fetal alcohol effects (FAE), in which one or two of the clusters are observed but
not all three. Cigarette smoking is associated with intrauterine growth restriction and reductions in
IQ, estimated to be about 10 points in verbal ability. Animal experiments recapitulate that prenatal
nicotine affects offspring behavior and neurotransmitters.

What about illegal drugs such as cocaine, methamphetamine, LSD, heroin, PCP, and others? We
know these drugs cross the blood brain barrier and the placenta so the embryo and fetus are
exposed, but do they cause harm? Some of these drugs, e.g., methamphetamine, accumulate in the
fetus more than in the mother. Despite this accumulation, effects on brain development have been
difficult to prove. These drugs do not cause congenital malformations. However, animal studies
show that prenatal cocaine alters dopamine systems, including its principal receptor, the dopamine
D1 receptor. Changes in D1 receptor expression because of increased receptor internalization in the
neuron makes the receptor less available to interact with dopamine when it is released from the
synaptic terminal. Changes are also seen in the neurotransmitter GABA in pyramidal neurons in the
cerebral cortex. It is believed that these effects in combination lead to the adverse behavioral
outcomes.
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In children prenatally exposed to cocaine, problems of attention, such as ADHD, are prominent; this
deficit is also consistent with dopamine being affected since dopamine plays a significant role in
attention, activity, and impulsivity. Children prenatally exposed to cocaine have 1Q reductions but
these are fairly small; approximately 4 points. Other studies find increased delinquent behavior,
reduced problem solving, and impaired abstract reasoning. These effects are not easily noticed on
an individual basis, but on a population basis they translate to more problems for affected children in
school, reduced rates of college attendance and completion, and reduced success at getting and
retaining jobs. If the bell-shaped distribution of these traits is shifted downward by prenatal drug
exposure, it means thousands of children falling into categories needing special education that
would not otherwise be needed; therefore, effects such as these can have large impacts at a societal
level. Patterns of use are important for drug effects; those using higher doses or more drugs
(polydrug abuse) for longer times during gestation and obtaining less prenatal care make outcomes
from cocaine exposure worse; these effects are likely to be the case for other drugs of abuse as
well.

Prenatal marijuana has also been documented to result in reductions in visual processing and
impulse control. Given the legalization of marijuana in several jurisdictions in the US and elsewhere
in recent years, combined with development of more varied and potent strains, we are engaged in a
large-scale social experiment with unknown consequences for children exposed during early
development. A recent review of what is known about the prenatal effects of marijuana indicates that
there are long-term effects.

Methamphetamine abuse became a problem about a decade after the upsurge in cocaine/crack use.
Methamphetamine causes changes in brain structure, neurotransmitters, spatial memory, and
language development after prenatal exposure, and the problem is significant. Between 1994 and
2006 pregnant women entering drug treatment programs in the US. who identified
methamphetamine as their primary drug of abuse rose from 8% in 1994 to 24% in 2006. Whether
this trend continued after 2006 is not clear as there are no new data. Moreover, the only human
prospective prenatal study on methamphetamine has been in progress for about 10 years, and the
children of these pregnancies are now about 7.5 years told. So far it has been reported that the
exposed children show more externalizing and aggressive behavior and several cognitive problems.
Animal experiments reveal long-term effects on brain neurochemistry and behavior, including
impaired spatial memory and egocentric learning and enduring changes in dopamine and serotonin
after developmental exposure.

What about prescription drugs? Isotretinoin (13-cis-retinoic acid) is prescribed for the treatment of
severe acne. Within a few years of its becoming available, cases of children with birth defects that
were ultimately identified as retinoid embryopathy appeared. In addition to birth defects, many of
these children had low 1Qs once they were old enough to be tested. In animal experiments, Vitamin
A (another retinoid) is known to cause neurobehavioral impairments. While isotretinoin was
predicted to be a teratogen and carried strong warnings against use in pregnancy, people obtained
the drug from friends or had unplanned pregnancies and did not understand the risks. Hence, the
impairments could have been predicted based on preclinical data in rats but were not adequately
appreciated.

The effects of isotretinoin on intelligence and birth defects are not aligned, i.e., there are children
with severe birth defects and mental impairments, but others that have minor birth defects but
severe intellectual impairments. This mismatch between malformations and brain effects is
important, because for many years it was believed that testing for birth defects was sufficient to
ensure drug safety. The idea was that if a drug caused birth defects it would or could cause
behavioral effects; the reverse idea, that the absence of birth defects indicated that the drug would
not cause behavioral effects, was incorrect. Isotretinoin dispelled this belief and demonstrated that it



takes longer to identify neurobehavioral effects than it does to find birth defects since birth defects
are seen at or within a year after birth but it takes years to prove a connection between exposure to
a drug and behavioral defects. When a drug does not cause a birth defect, proving a connection
later when children are 7, 10, or 12-years-old and relating the problem back to prenatal exposure is
difficult. The fact is that measuring learning, memory, attention, and other cognitive abilities cannot
be accurately done until children are older, by which time parents’ memories are not very accurate,
and medical records are not always complete.

Isotretinoin is also an example of a drug that has therapeutic value for the intended use but
detrimental consequences for an unintended recipient, i.e., the embryo and fetus. The disconnect
between the effects on the adult and the embryo and fetus lies at the heart of why this area of safety
has proven to be difficult. There remains debate between those who want more safety testing and
those who want less; the latter argue that CNS deficits such as those caused by isotretinoin are rare,
the tests are expensive, less than perfect, time-consuming, add to the high cost of drug
development, and delay helpful drugs from reaching those who need them. On the other side is the
argument that while drug-induced developmental neurotoxicity may not be common, when it occurs
the effects are detrimental and irreversible to those who are affected.

How big is the problem? The effects of isotretinoin are striking but it is used by very few so the
societal impact is not large. A larger problem occurs in epilepsy. Approximately 1% of people (~3
million) have epilepsy and most are treated with antiepileptic drugs (AED). Prenatal AED exposure is
associated with several birth syndromes. The clearest example is valproate (Depakote), an AED that
when taken during pregnancy leads to 1-2% of exposed infants born with neural tube defects and a
higher percentage born with other malformations. The syndrome includes dysmorphic faces and
impaired intellectual development; valproate also may increase rates of autism spectrum disorder
(ASD).

AED use is widespread, but even so these drugs are also used by a minority of people. What about
common drugs that are taken by millions? While it is reassuring that no evidence of fetal
neurotoxicity has yet appeared for most drugs, determination of safety for brain development during
pregnancy is often absent. It takes decades to find behavioral and cognitive problems after prenatal
drug exposure when the effects are severe and longer if the effects are subtle. Associating problems
with learning, attention, externalizing behaviors, and executive function takes decades to establish.
The good news is that animal and epidemiological study methods are improving, making the
detection of neurobehavioral effects better.

For exposures that are teratogenic, the first trimester is a period of high vulnerability, often before
pregnancy is recognized. This period of development is called embryogenesis or organogenesis. For
the CNS, the period of vulnerability starts during the first trimester and lasts throughout pregnancy,
childhood, and to adolescence. The reason for this vulnerability is the complexity and duration of
brain and behavioral development (Figure 1).
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Figure 1. From review by S. Danzer with permission {Danzer, 2008 #2404}. Photomontage of
confocal microscopy images showing principal neurons of the hippocampal. Images are from an
adult Thyl-GFP-expressing mouse. Red = dentate granule cells, Purple = CA3 pyramidal cells,
Yellow = CA1 pyramidal cells. d = dentate granule cell layer; H = hilus; sl = stratum lucidum; CA3 =
CA3 pyramidal cell layer; CA1 = CA1 pyramidal cell layer. Scale bar = 300 um.

Developmental neurotoxicity can sometimes be subtle but it is worth remembering that what is subtle
to an observer may not be subtle to those who are affected. ADHD is often regarded as subtle
compared to a life-threatening cardiac defect. But many heart defects can be surgically repaired
without long-term consequences. But how can ADHD, ASD, learning impairment, or intellectual
disability be repaired? The risks and benefits of drugs, commercial chemicals, pesticides, or factory
effluents can be difficult to weigh with precision but the precautionary principle should prevail by
erring on the side of caution. To that end, developmental neurotoxicity assessments are important as
part of the safety net. This field is in need of more research, not only to find better ways to detect
such effects but to understand the mechanisms that underlie how certain chemicals disrupt brain
development and behavior.
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