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Alarge number of chemical
compounds interfere with normal

brain development, including heavy
metals, alcohol and other solvents,
nicotine, opiates, cocaine, marijuana,
some pharmaceuticals, pesticides, and
others. As described in Chapter 2,
neurodevelopmental toxicants may alter
brain development and function in
specific and permanent ways. A few
have been extensively studied (e.g. lead,
mercury, alcohol), while most others
have undergone minimal examination.

The following profiles summarize
what is known about the
neurodevelopmental toxicity of some
commonly encountered solvents,
pesticides, nicotine, metals, and
persistent organochlorine compounds.
We also briefly discuss impor tant
controversies over the potential
neurodevelopmental toxicity of
compounds that are intentionally added
to drinking water and food – fluoride
and certain food additives.

Experimental toxicity testing usually
involves examining one chemical at a
time. Although this approach provides

important information, it fails to inform
us about the neurodevelopmental effects
of exposures to mixtures
of many different
compounds. Every
human body contains
mixtures of heavy
metals and synthetic
organic chemicals in
blood, bone and other
organs, fat, breast milk,
sper m and expir ed air .
Epidemiological research
is complicated by the fact that there are
no unexposed people to serve as controls
for comparison purposes. These
limitations should be kept in mind when
reading  the following toxicity profiles.

Finally, although the r efer ences cited
do not exhaustively review the available
literature, they are representative and
include areas of uncertainty and
controversy . Importantly , many chemical
compounds with known or suspected
neurological toxicity have never been
tested for their effects on brain
development and function. For
them, ther e are no data to r eview .

Known and Suspected
Developmental Neurotoxicants

Chapter 6

Every human body
contains mixtures of
heavy metals and
synthetic organic
chemicals in blood,
bone and other
organs, fat, breast milk,
sperm and expired air.
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METALS

Lead

• Increases in blood lead levels during
infancy and childhood are associated
with attention deficits, increased
impulsiveness, reduced school
performance, aggression, and
delinquent behavior .

• Effects on learning are seen at blood
lead levels below those currently
considered “safe.”

Routes of Exposure

Since lead was removed from most
of the nation’ s gasoline supply , most
current environmental exposures in
the US come from lead paint, lead
contaminated dust, and drinking water .
Occupational and hobby exposures
also contribute to the lead levels of
some adults. Lead tends to be stored
in bones, and during pr egnancy ,
accelerated maternal bone turnover
results in mobilization of lead, leading
to increased blood lead levels.

Human Studies

Lead easily crosses the placenta
and enters the fetal brain where it
interferes with normal development.
Many studies report adverse neuro-
developmental impacts resulting
from fetal or infant exposures to
lead, including lowered intelligence,
hyperactivity, learning and attention
disorders, and changes in behavior.
(for example, see 1 2 3 ) Here we summarize
results from several of the larger epide-
miological studies, omitting most of a
large body of animal research because
of the relative wealth of human data.

In the 1940s, the consequences of
lead poisoning, including poor school
per formance, impulsive behavior , shor t
attention span, and restlessness, were
reported. 4  Since then neurodevelop-
mental damage at lower levels of
exposure has been well documented. In
fact, there is no evidence of any threshold
for lead-induced cognitive impairment
resulting from early life exposures. 5

In one of the earliest studies of lead
effects on intelligence, investigators
reported a 4-point difference in IQ,
measured by the Wechsler Intelligence
Scales for Children – Revised (WISC-R),
between children with the highest and
lowest deciduous tooth-lead levels.6  Other
studies have reached similar conclusions.
In Boston, a cohort of children from
middle and upper middle class homes has
been followed for years.7  8  Reduced
performance on the Bayley Mental
Development Index (MDI) was associated
with elevated umbilical cord blood lead
levels. The difference in scores between
the high (mean, 14.6 microgm/dl) and low
(mean, 1.8 microgm/dl) blood lead levels
was 4-7 points at 6, 12, and 24 months of
age. When the children were re-tested at
10 years of age, a 10 microgm/dl increase
in blood lead at 24 months of age was
associated with a 5.8-point decline in IQ
as measured by WISC-R. Other studies
show similar results.9

In the Boston cohort, teachers
reported behavioral changes in children
that correlated with lead levels. Children
with the higher levels were more
distractible, dependent, impulsive, easily
frustrated, not persistent, and unable to
follow directions. Attention-deficit
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disorder also correlates with hair lead
levels.10  Increased blood level in infancy
and early childhood may be manifest in
older children and adolescents as
decreased attention span, reading
disabilities, and failure to graduate from
high school11  Two studies report that
lead exposure correlates with aggressive,
destructive, and delinquent behavior.12  13

Animal Studies

Animal studies support these
conclusions from epidemiological data.
Monkeys exposed to lead from birth,
so that blood lead levels are maintained
at about 15 microgms/dl, show increased
distractibility , inappr opriate r esponses
to stimuli, and difficulty adjusting
response strategies. 14   A review
of animal studies reports deficits
in performance, learning, and
attention associated with low-level
lead exposures. 15

Mechanisms of Neurotoxicity

Several neurodevelopmental
processes are altered by lead exposure,
leading to abnormal brain development.
Intrauterine neurodevelopmental effects
of lead affect both the cellular structure
of the brain and its chemistry.16

Structural effects include altered cell
proliferation, differentiation, synapse
formation, and programmed cell death.
Neurochemical effects include altered
neurotransmitter levels (acetylcholine,
dopamine, glutamate) and altered
dopamine receptor density in various
parts of the brain.17  Lead is also a potent
inhibitor of the NMDA (glutamate)
receptor. The fetal brain may be
particularly sensitive not only because

unique organizational processes are
underway but also because of an
immature blood-brain barrier. One study
found greater uptake of lead in fetal brain
during gestation than after birth in rats.18

Mercury

• Freshwater fish are sufficiently
contaminated with methylmercury in
most of the US to necessitate fish
consumption advisories warning
pregnant women or women of
reproductive age to avoid or limit
consumption because of threats to
fetal brain development

• Large fetal exposures to
methylmercury cause mental
retardation, gait and visual
disturbances

• Smaller fetal exposures may cause
lasting impairment of language,
attention, and memory

• Fetal mercury and PCB exposures
interact to result in magnified effects
on neurological development

Routes of Exposure

Mercury (Hg) may exist in a number
of different chemical forms but is usually
released into the environment as a metal
or an inor ganic compound. The US EP A
estimates that human activities are
responsible for emissions of approximately
160 tons of mercury annually in the US.19

Major sources are coal-fired power plants
and municipal and medical waste inciner-
ators. Atmospheric mercury often travels
long distances before being deposited
onto the ear th’s sur face. Mer cury in
sediments and water bodies is converted
by bacteria into methylmer cury, which
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The EPA sets “safe” reference doses for the
chemicals we are exposed to through our air,

water, and food.  Yet it is difficult to translate those
levels, expressed in micrograms and parts per million,
into information that is meaningful for our daily lives.
For instance, how can I determine how much mercury
I am exposed to each time I eat a tuna sandwich?
Some basic information on equivalencies and abbreviations will help you do the
math so you can determine how much of a chemical you may be exposed to.

The first step in determining exposure is converting the various measures into
equivalent units.  In the United States we often express our body weight in
pounds or the amount of food we eat in ounces.  Environmental concentrations
and exposures, however, are usually calculated using metric units (grams,
kilograms).  Note the following equivalencies:

• 1 kilogram (kg) = 2.2 pounds (lb)

• 1 pound = 16 ounces = 454 grams

• 1 ounce = 28 grams (gm)

Because we are often concerned about exposures to very small quantities of
chemicals, it is helpful to know the following units of measure that represent tiny
subdivisions of the gram (gm):

• Milligram (mg) = 1/1000 gm (thousandth)

• Microgram (ug or microgm) = 1/1,000,000 gm (millionth)

• Nanogram (ng) = 1,000,000,000 gm (billionth)

• Picogram (pg) = 1,000,000,000,000 gm (trillionth)

For example, there are 1,000 milligrams in 1 gram, or 1 million micrograms
in that same gram.

We are generally exposed to chemicals that are contained within another
medium such as air, water or food.  In order to calculate exposure we must first
calculate the concentration, or the amount of the chemical that is contained in
the water we drink or the food we eat.  For example, if 1 gram of fish contains,
on average, 1 microgram (ug) of mercury, we would express the concentration as
1microgm/gm.  Since there are a million micrograms in a gram, another way to
express this concentration is 1 part per million, or 1 ppm.  The following chart
outlines the equivalencies:

• Gm/kg = mg/g = parts per thousand = ppthousand (1/1000)

• Mg/kg = microgm/g = parts per million = ppm (1/1,000,000)

• Microgram/kg = ng/gm = parts per billion = ppb (1/1,000,000,000)

• Ng/kg = picogm/gm = parts per trillion = ppt (1/1,000,000,000,000)

How Much Mercury In My Tuna Sandwich?
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How can I determine
how much mercury I am
exposed to each time I eat
a tuna sandwich?

Since we have determined the concentration of mercury in the tuna fish, we
can determine how much mercury an individual is exposed to when eating the
fish. With a few basic calculations, we can calculate the mercury exposure of a
woman who consumes 7 ounces of tuna per week, given an average tuna
mercury level of 0.2 ppm (Assume she does not eat any other fish
or shellfish, or have any other significant exposures to mercury).

• First we convert the ounces into metric units:

7 oz = 196 gms fish

• Then we multiply the amount of fish consumed/week with
the concentration of mercury in the fish to determine the mercury
exposure  per week:

196 gms fish/week  x 0.2 microgm mercury /gm fish = 39.2 microgm
mercury/week

How much mercury is that per day?

• Divide by 7, since there are 7 days in a week:

39.2 microgm of mercury /week = 5.6 microgm of mercury/day
= daily mercury exposure

Typically we standardize exposures by dividing
the total exposure by the body mass. Expressing
exposure on a “per kilogram” basis allows us to
compare exposures among individuals of different
sizes. If we assume the woman eating the sandwich
is of average weight, (132 pounds, or 60 kg), we
divide the total exposure by 60 kilograms:

5.6 microgm/60 kg of mercury/day
= 0.093 microgm/kg

We have determined that the mercury
exposure of a 132 lb woman (60 kg) eating 7
ounces (196 grams) of tuna per week is 0.093
microgms/kg/day.  This level of exposure is just at the limit of EPA’s “safe”
reference dose of 0.1 microgrm/kg/day.

This calculation is based on the assumption that the woman weighs 132 lbs.
What would the mercury exposure be if a 50 lb child consumed the same amount
of tuna over the course of a week?  The child would be exposed to approximately
0.243 microgms/kg/day of mercury.  
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bioaccumulates as it passes up the food
chain. As a result, fish consumed by
pregnant women or women of repro-
ductive age may be contaminated with
methylmercury at levels that pose a
threat to the uniquely vulnerable develop-
ing brain of the fetus. Forty states have
issued fish advisories warning women of
reproductive age to limit or avoid
consuming fresh water fish because of
mercury contamination. Large predator
ocean fish, like swordfish and some tuna,
may also be sufficiently contaminated to
pose a risk, particularly when eaten
regularly . According to EP A estimates,
1.16 million women of childbearing
years eat sufficient amounts of mercury-
contaminated fish to pose a risk of harm
to their future children.

Animal Studies

Studies in animals confirm the
developmental neurotoxicity of organic
mercury. Four-month-old rats, exposed
to 0.008 mg Hg/kg/day on gestational
days 6-9 show significantly impaired

behavioral performance, as tested by
rewarding for total lever presses. 20   Fifty-
60-day-old monkeys born to mothers
that received 0.04 or 0.06 mg methylHg/
kg/day for an average of 168 or 747 days
prior to mating show impaired visual
recognition memor y.21   Autopsy studies
in developmentally exposed animals
show smaller brain sizes, dilated ventricles,
and distorted cellular architecture.

Human Studies

The devastating effects of
methylmercury on the developing human
brain after excessive exposure were
tragically demonstrated in large-scale
poisonings. In Minamata Bay , Japan,
during the 1950’ s, residents r egularly
consumed fish contaminated with
methylmer cury from an industrial plant’ s
ef fluent in the bay . Infants bor n in the
late 1950’s developed characteristic neuro-
logical findings including mental retardation,
disturbances of gait, speech, sucking, and
swallowing, and abnormal reflexes. 22

Mothers of affected children often
showed no sign of mercury poisoning.

Mercury exposures
associated with harmful
effects have been recognized
at progressively lower levels
over the past several decades
as research meth ods have
improved.  EPA’s current
advised safe exposure limit,
represented by the triangle, is
exceeded by many groups. It
is also exceeded by the global
average mercury exposure.
This average, based on a
report of 559 hair samples
from 32 locations around the
world, reflects a cumulative
average of levels of fish
consumption, and degrees
of fish contamination.1  2  3  4  5

6  7  8  9  10  11  (All indicated
exposures were assessed
as hair or blood mercury
levels, except US nurses
and physicians, whose
exposures were estimated
by dietary survey.)
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Another large scale poisoning
occurred in Iraq in the 1970’ s when
residents baked bread with grain
intended for planting that had been
treated with organic mercury as a
fungicide. Unlike Minamata, this
represented an acute rather than chronic
poisoning. Symptoms were similar in
the two circumstances, but visual
disturbances in adults were more severe
in Iraq with actual blindness in several
instances. 23   The critical effect from
prenatal exposure to methylmercury
was psychomotor retardation with
delays in learning to walk and an
increased incidence of seizures. Using
maternal hair mercury levels as a
measure of prenatal exposure,
investigators calculated that the lowest
observed adverse effect level (LOAEL)
for psychomotor retardation occurred
when maternal hair levels of mercury
were between 10-20 ppm. 24  Maternal
hair mercury levels are thought to be a
fairly accurate indicator of fetal mercury
exposur es during pr egnancy .

More recently , epidemiological
studies conducted in the Seychelle and
Faroe Islands have attempted to identify
more subtle developmental neurological
effects of low-dose methylmercury
exposure and to identify a threshold,
if one exists, below which there is
no discer nable toxicity . These study
populations were selected because
their fish or marine mammal based
diets regularly exposed them to low
doses of methylmer cury, and mater nal
hair levels of mercury in these
populations bracketed the LOAEL
identified in the Iraq study .

 In the Seychelles, 738 children were
followed with sequential detailed
neurological testing. Maternal hair levels
of mercury averaged 6.8 ppm. At age 2
years, more highly exposed boys scored
significantly lower on activity level when
tested by the Bayley Infant Behavior
Record.25   Among boys and girls
combined, the effect of mercury on
activity level was significant only at a
maternal hair level greater than 12 ppm.
Follow up testing at age 5 years showed
no persistent effect of prenatal mercury
exposure. 26  Neurological testing at 66
months of age included the McCarthy
Scales of Childr en’s Abilities, Pr eschool
Language Scale, W oodcock-Johnson
Applied Pr oblems and Letter and W ord
Recognition Tests of Achievement, the
Bender Gestalt T est, and the Child
Behavior Checklist.

In the Faroe Islands, 917 newborn/
mother pairs were tested at birth for
maternal hair and umbilical cord blood
mercury levels. Childr en whose mother ’s
hair mercury levels were 10-20 ppm
were compared with those whose hair
levels were less than 3 ppm. Early
examination of children showed that the
most exposed children had subtle
changes in the function of portions of
the brain associated with hearing and
motor skills. As they gr ew older , some
deficits in learning capacity also became
apparent. At age 7 years these children
underwent extensive neurological testing
including the Neurobehavioral
Evaluation System (NES) Finger T apping
and Hand-Eye Coor dination Test,
Tactual Per formance Test, NES

According to EPA
estimates, 1.16 million
women of childbear-
ing years eat sufficient
amounts of mercury-
contaminated fish to
pose a risk of harm to
their future children.
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Continual Per formance Test, W echsler
Intelligence Scale for Children – Revised
(WISC-R) Digit Spans, WISC-R
Similarities, WISC-R Block Designs,
Bender Gestalt T est, Califor nia Verbal
Learning Test, Boston Naming T est,
and the Nonverbal Analogue Profile of
Mood States. 27   The studies showed
a significant correlation between
impairment in the areas of language,
attention, and memory and prenatal
mercury exposure.

Investigators in each study controlled
for many potentially confounding factors
including socioeconomic status, quality of
the home environment, and breast feeding
status, among others. The differing results
may be explained by several different
factors. First, some neurological effects do
not become apparent until later in child-
hood when certain neurological functions
begin to develop. This, however, becomes
less likely to explain the discrepant find-
ings as the Seychellois children approach
age 7 and continue to show no lasting
deficits. Second, the testing techniques
used in the Faroes may be more sensitive
than those used in the Seychelles. The
Faroe investigators included examination
of some specific areas of neurocognitive
performance that are more easily and
accurately detected by detailed computer
analysis. Third, the exposure pattern is
likely to have differed in the two groups.
In the Seychelles, fish are contaminated
with methylmercury at a relatively low
level and mercury exposure is the result
of a constant diet of fish. In the Faroe
Islands, however, mercury exposure results
from intermittent ingestion of pilot whale
meat that contains about 10 times the

mercury concentration of ocean fish.
Consequently, it is likely that the Faroese
experience intermittent spikes of mercury
exposure that are higher than the
Seychellois. The neurodevelopmental
consequences of these two exposure
patterns may differ. Fourth, pilot whale
blubber is also contaminated with PCBs
and other organochlorine chemicals,
which also affect neurological develop-
ment. Though methylmercury is largely
contained in the whale meat, some resi-
dents also eat whale blubber, resulting in
concomitant PCB exposures. PCB levels
were measured in the Faroe Island study,
and investigators used analytical statistical
techniques to control for co-contaminants
as they looked for effects of prenatal mer-
cury exposure. However, some critics
believe that the other contaminants may
explain at least some of the findings. The
Faroe Islands study team strongly disagrees
and argues that they successfully control-
led for PCB co-contamination.28   Finally,
the Faroe Islands study identified a relation-
ship between neurodevelopment and cord
blood levels of mercury, rather than
maternal hair. Umbilical cord blood levels
may better reflect actual fetal exposures.

Additional studies also show
developmental neurotoxicity after oral
exposure of humans and non-human
primates to low doses of organic
mercury.29  30  31  In a New Zealand study ,
maternal hair mercury levels of 15
microgms/gm were associated with
poorer per formance on the W echsler
Intelligence Scale for Children.

Based on the Seychelles study, the
Agency for Toxic Substances and Disease
Registry (ATSDR) has established a

The studies showed a
significant correlation
between impairment
in the areas of
language, attention,
and memory and
prenatal mercury
exposure.
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minimum risk level for oral exposure to
methylmercury at 0.5 microgm/kg/day.
However, the EPA has set the level at 0.1
microgm/kg/day. Based on dietary surveys,
the EPA estimates that about 7% of women
in the US of childbearing age consume
methylmercury in excess of the “safe” dose.32

However, among women who eat any
fish at all, 50% of those of childbearing
age consume excess methylmercury.

The Food and Drug Administration
(FDA) established an “action level” for
mercury in fish at 1 ppm in 1979. 33

However , the FDA’s action level is a non-
binding informal guideline, is not legally
enforceable, and only serves as discre-
tionary guidance to FDA and to states
when deciding when seafood might be
adulterated. Fish consumption has
increased in the US since 1979, and
critics have argued that this action level
is not health-protective. Indeed, FDA
was quoted in a 1991 General Account-
ing Office report as stating that the
agency failed to consider reproductive
and developmental toxicity when estab-
lishing the guideline. 34  Also in 1991, the
National Academy of Sciences noted that
the FDA guideline did not adequately protect
sensitive populations, including fetuses,
babies and young children.35  (see Spotlight)

Mechanisms of Neurotoxicity

Mercury has a high affinity for
binding to specific chemical structures
(e.g., sulfhydryl groups) on proteins,
which is thought to explain many of its
biological activities. 36   The result is
diffuse alteration of cellular function,
inhibition of protein synthesis, and
formation of reactive oxygen species,
which can damage DNA and disrupt cell

division. 37   In the nervous system,
mercury interferes with development of
microtubules, which are small tubular
structures in the neuronal skeleton. 38

Mercury also disrupts cell membrane
integrity and alters the chemical
characteristics of the surface of cells,
making them more likely to adhere to
one another . This may explain how
cellular migration is affected during
brain development. Mercury exposure
also disrupts synaptic transmission.

In an in vitro study, methylmercury
and polychlorinated biphenyls (PCBs)
were reported to interact synergistically,
with combined exposures resulting in
lowering of dopamine levels in animal
brain tissue to a greater degree than would
have been predicted by adding the effects
observed when the chemicals were used
individually.39   New data, as yet unpublish-
ed, from a long term ongoing study of
children born to mothers consuming fish
from Lake Ontario, show that prenatal
PCB and mercury exposures also interacted
to reduce performance of 3-year-old
children on the McCarthy Scales of
Children’s Abilities.40  Mercury exposures
in this study were quite low, yet they
combined with PCB exposures to increase
adverse impacts on neuro-development.
Together, these observations raise important
questions about the adequacy of fish
consumption advisories based on single
chemical analyses. Freshwater fish in
many areas of the US are contaminated
with mercury, PCBs, dioxin, and other
toxicants. Risk assessments or advisories
that are based on single hazard analyses
that define safe fish consumption limits
are unlikely to be protective of public health.

Risk assessments
or advisories that
are based on single
hazard analyses
that define safe
fish consumption
limits are unlikely
to be protective of
public health.
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Manganese

• Unlike many other metals, some
manganese is essential as a catalyst
in several critically important
enzymatic processes

• However , several studies r epor t a
relationship between excessive
childhood levels of manganese
exposure and hyperactivity or
learning disabilities

Unlike mercury and lead, which are
not required for human health, the
metal manganese is essential in trace
amounts in order to promote several
critical enzymatic reactions. Manganese
deficiency may result in abnormalities of
connective tissue, cartilage, and bone. In
various species, too little dietary
manganese causes impaired skeletal
development and reproduction,
abnormal carbohydrate and lipid
metabolism, and movement disorders.

Routes of Exposure

 In non-occupational settings, most
manganese exposure comes from food.
The National Research Council
estimates a safe and adequate daily
dietary intake of 2-5 milligrams. The
ordinary adult dietary intake ranges
from 0.52-5.33 milligrams daily with
an average of 3 milligrams.41  Infant
dietary intake of manganese varies
dramatically with the source of food.
Human breast milk contains about 6
micrograms/liter. Infant formula
contains about 77 micrograms Mn/liter
if no manganese has been added and
about 100 micrograms Mn/liter if it has
been supplemented.42  Soybean plants
efficiently extract manganese from soil,

and soy-based infant formula contains
200-300 micrograms Mn/liter.43

Consequently, formula-fed infants
ingest much more manganese than
those who are breast-fed.

An organic form of manganese,
methylcyclopentadienyl manganese
tricarbonyl (MMT), is used in a portion of
the nation’s gasoline supply as an octane
enhancer. When burned, MMT-
supplemented gasoline releases several
inorganic manganese compounds into the
atmosphere, causing small but widespread
inhalation exposures, as well as land and
water deposition. Animal studies show
that inhaled manganese compounds may
travel along the olfactory nerve directly
into the brain, bypassing the general
circulation and the blood-brain barrier.44

The relevance of this pathway of exposure
in humans is uncertain.

In adults, only about 3-5%, or
approximately 100 microgms, of ingested
manganese is absorbed into the circulation.
Much of this is immediately excreted into
the bile so that adults retain only about
30 microgms daily .45  Animal studies
show that young animals absorb much
more ingested manganese than adults –
about 70% in young rats compared to
1-2% in adults. 46  Manganese balance
studies in humans also show that infants
and young children absorb more and
excrete less ingested manganese than
adults. 47  Moreover , the blood brain
barrier, which keeps many blood-bor ne
chemicals from entering the brains of
older children and adults, is immature
in infants, allowing proportionately
more manganese to gain access to and
lodge in the developing brain.

Formula-fed
infants ingest
much more
manganese than
those who are
breast-fed.

Infants and
young children
absorb more
and excrete
less ingested
manganese
than adults.



G r e a t e r  B o s t o n  P h y s i c i a n s  f o r  S o c i a l  R e s p o n s i b i l i t y     6 9

C H A P T E R  6 :  K n o w n  a n d  S u s p e c t e d  D e v e l o p m e n t a l  N e u r o t o x i c a n t s

Animal Studies

Despite being an essential trace
element, excessive exposures to
manganese can be harmful to the brain,
lungs, and reproductive system. Adverse
reproductive effects, including testicular
toxicity and reduced testosterone levels,
occur in animals exposed to manganese
during fetal development at levels that
show no other toxic effects but that are
considerably higher than normal human
dietary intake. 48

The more critical health effect,
however , that may occur at much lower
levels of exposure, is brain damage.
Emerging evidence demonstrates that
the brains of fetuses and newborns are
more susceptible to the toxic effects
of manganese than adults and that
developmental exposures may result in
unique neurological effects. A review of
the published literature on manganese
neurotoxicity in rodents identified seven
studies in which animals were exposed
during development. 49  Three studies
investigated behavioral outcomes, and
each reported increased activity levels
in offspring.

Human Studies

Respiratory symptoms, pneumonia,
or bronchitis occur in workers with
large inhalation exposures to manganese.
Obvious neurological effects of manganese
were first noted in workers in manganese
mines, refineries, and smelters.
“Manganism” includes tremor and
movement disorders, often preceded by
“manganese madness,”characterized by
compulsive running, fighting, and singing.
The movement disorder of manganism

has some similarity to Parkinsonism,
though there are distinct differences.

Several investigators have attempted
to detect early signs of neurological
damage from manganese exposure in
adults. One describes a continuum of
dysfunction due to manganese exposure,
including behavioral and emotional
effects in addition to the well-known
movement disor der.50  Another used
behavioral methods to look for early
signs of manganese neurotoxicity after
low-level exposures and concluded that
there are effects on response speed,
motor functions, and memor y.51

Several studies have reported a
relationship between manganese hair
levels in children and hyperactivity or
learning disabilities. One found that the
concentration of manganese in the hair
of formula-fed infants increased from
0.19 micrograms/gm of hair at birth to
0.965 microgms/gm at six weeks,
declining to 0.685 microgms/gm at four
months of age. In breast-fed infants, hair
levels increased only to 0.330 microgms/
gm at four months of age. In this study ,
hair levels of manganese in hyperactive
children were 0.434 microgms/gm as
compared to levels of 0.268 microgms/
gm in age-matched controls who were
not hyperactive. 52   Another study
reported hair manganese levels of 0.83
microgms/gm in hyperactive children
compared with 0.58 microgms/gm in
controls. 53  This study also found
elevated lead levels in hyperactive
children. A third study also reports
higher hair manganese levels in children
with attention deficit hyperactivity
disorder than in controls. 54

Emerging evidence
demonstrates that
the brains of fetuses
and newborns are
more susceptible to
the toxic effects of
manganese than
adults and that
developmental
exposures may
result in unique
neurological effects.
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Mechanisms of Neurotoxicity

Animals exposed to excessive
manganese early in life show depressed
levels of the neurotransmitters dopamine,
norepinephrine, and serotonin.55   One
study shows that gestational serotonin
depletion in rodents causes much more
extensive structural change in the brains
of offspring than similar depletions in
adults, a result that is not surprising, in
light of the important role of neuro-
transmitters in brain development.56

Conclusions

The susceptibility of the developing
brain to manganese toxicity deserves
further attention. Many infant formulas
are regularly supplemented with manga-
nese. Nutritional experts must have
thought that human breast milk is
deficient in this essential element and
that supplements would not be harmful.
Soy-based formulas contain even higher
amounts of naturally-occurring manga-
nese. But metabolic studies show that
infants absorb more and excrete less
manganese than adults. Furthermore, in
infants, blood-borne manganese more
readily enters the brain than in adults.
Animal studies show that developmen-
tal exposures to manganese are associ-
ated with hyperactivity . Several studies
show that hair manganese levels are
higher in children with hyperactivity
disorders than in contr ols. These obser -
vations call into question the wisdom of
supplementing infant formulas with this
metal or adding MMT to gasoline, and
make the case for urgent research to
clarify areas of outstanding uncertain-
ties. As we learned from boosting

gasoline octane ratings with lead,
population-wide exposures, however
low-level they may be, sometimes have
serious, unintended consequences.

Cadmium

• Studies of the neurological effects of
developmental exposure to cadmium
report mixed and sometimes
conflicting results

• In animal tests, cadmium exposure
causes a mixtur e of hyperactivity ,
reduced activity , and alter ed
learning, depending on the timing,
dose, route of exposure, and test
methods

• Some studies of children exposed to
cadmium have shown hyperactivity and
reduced verbal and performance IQ

Routes of Exposure

Cadmium is a metal with no
essential biological function, but it may
interfere with normal neurological
development through a variety of
mechanisms. Cadmium is released to the
environment from fossil fuel burning,
mining and manufacturing operations,
sewage sludge, phosphate fertilizers, and
medical and municipal waste incinerators.
Cadmium is used for a variety of industrial

Some studies of
children exposed
to cadmium
have shown
hyperactivity
and reduced
verbal and
performance IQ.
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purposes including metal plating, paint
pigments, plastic stabilizers, and nickel-
cadmium batteries.

The largest source of most human
exposure to cadmium is dietary with an
average adult daily intake of 10-30
microgms. Soil cadmium is readily taken
up by leafy vegetables and grain crops,
creating the potential for significantly
increasing levels in crops grown on soil
treated with sewage sludge containing
cadmium from industrial sources. 57

Domestic and laboratory animals fed
plants grown on sludge-amended soil
may develop cadmium toxicity .58

Cadmium also tends to concentrate in
shellfish found in contaminated coastal
waters. Another important source of
cadmium is cigarette smoke; smokers
have blood levels of cadmium approxi-
mately twice that of non smokers. 59

Animal Studies

For several reasons studies of the
neurological consequences of early life
exposures to cadmium are more difficult
to conduct than studies of lead, for
example. Cadmium is rapidly removed
from the blood and stored in the kidneys,
liver, pancreas, and adrenal glands,
making blood level measurements a poor
indicator of exposure. Chronic cadmium
exposure induces the production of a
protein, metallothionein, which binds the
metal and reduces its toxic effects.
However, intermittent acute exposures to
cadmium may escape this mechanism and
lead to more severe toxic responses. In
laboratory tests, even moderate levels of
cadmium exposure may reduce animal
weight gain, making it difficult to distin-

guish between direct cadmium toxicity
and nutritional deficiencies from de-
creased food and water intake. Finally,
the effect of cadmium on the fetus may be
largely an indirect result of impairment of
placental function, enzyme inhibition, or
alteration of other essential trace metals
in the brain rather than a direct toxic
effect on fetal tissues. For example, metallo-
thionein induced by cadmium may also
bind zinc, an essential trace element,
resulting in manifestations of zinc defi-
ciency, which include birth defects.
Indirect neurodevelopmental effects are
also inferred from the observation that
studies of cadmium exposure during
pregnancy usually fail to find evidence of
elevated cadmium levels in the fetal brain.60

In animals exposed to cadmium
prenatally , a mixtur e of, and sometimes
conflicting, neurological effects are
noted. Mor eover , females seem to be
more sensitive to neurodevelopmental
effects than males, yet male animals are
more often studied. Both hyperactivity
and reduced activity are noted in
offspring, depending on the exposure
level, route of exposure, and tests used
to measure activity levels. 61  62  63  The
capacity of an animal to learn an
avoidance task is also sometimes
impaired. 64  In most cases, neurotoxicity
is noted only when doses are sufficient to
alter weight gain and growth. These
studies have used maternal exposure
levels in the range of 0.1-4.0 mg/kg daily
during pregnancy via injection, diet,
gastric lavage, or inhalation.

In contrast, neonatal exposure to
cadmium is potentially more harmful
than prenatal exposure because the

Soil cadmium is
readily taken up
by leafy vegetables
and grain crops,
creating the potential
for significantly
increasing levels in
crops grown on soil
treated with sewage
sludge containing
cadmium from
industrial sources.
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blood-brain barrier is not yet fully
developed, and cadmium may have
direct access to the developing brain.
Microscopic studies show lesions in the
brains of cadmium-treated neonatal rats
that are not seen in the brains of treated
adult rats, suggesting that the immature
blood-brain barrier is an important
factor in cadmium neur otoxicity . Here,
too, animal studies show a mixture of
hyperactivity , reduced activity , and
altered learning in young animals,
depending on test methods, dose, and
route of exposure.

Human Studies

Several human studies have
attempted to examine the neurological
consequences of early exposures to
cadmium. These are complicated by the
correlation of lead and cadmium
exposures, making it difficult to
determine the relative contribution of
each metal to observed effects. One study
found a significant correlation between
elevated hair cadmium and lead levels
and hyperactivity in children.65  Another
study of a rural population of 149
children 5-16 years old found a
correlation between hair lead and
cadmium levels and reduced verbal and
performance IQ when tested by the
Wechsler Intelligence Scale for
Children.66  This study controlled for
gender, age, race, and socioeconomic
status. Interestingly, lead and cadmium
seemed to affect different aspects of
intelligence. Lead levels were more highly
correlated with reduced performance
IQ while cadmium levels correlated
better with reduced verbal IQ.

In a prospective study , a hair sample
was taken from 26 newborn children
and their mothers and analyzed for lead
and cadmium. 67  Six years later , the
children were tested by the McCarthy
Scales of Childr en’s Abilities. Cadmium
hair levels in children correlated with
reduced perceptual and motor
performance. Cadmium hair levels in
mothers correlated with poorer child
performance in general cognitive,
perceptual,  quantitative, and motor
function. Lead levels also correlated
with reduced perceptual performance,
motor, and quantitative scor es.

Mechanisms of Action

Cadmium may be directly or
indirectly toxic to the brain of the
developing child. During pr egnancy ,
cadmium may interfere with placental
and essential enzyme function or the
availability of essential trace elements
or other nutrients. Neonatal exposures
alter neurotransmitter levels, including
norepinephrine, dopamine, serotonin,
and acetylcholine. 68  Cadmium exposure
is also associated with increased free
radical production in tissues resulting in
cell membrane damage and changes in a
variety of other physiological functions.

Tobacco Smoke and Nicotine

• Children born to women who smoke
during pregnancy are at risk for
IQ deficits, learning disorders,
and attention deficits

• Children born to women who are
passively exposed to cigarette smoke
are also at risk for impaired speech,
language skills, and intelligence
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Routes of Exposure

Cigarette smoke and one of its
components, nicotine, are among the
most studied neurodevelopmental
toxicants. Many animal studies are
conducted with pure nicotine, which
easily crosses the placenta, while
human epidemiological studies examine
the effects of exposure to the complex
mixture of chemicals in tobacco smoke,
including nicotine. Nicotine exposure in
animals, however, produces some of the
same effects in offspring as those seen in
children whose mothers smoked during
pregnancy, and nicotine is, therefore,
likely to be a substantial contributor to
the observed effects.

Animal Studies

In animals and humans, nicotine
and tobacco smoke exposure cause
growth retardation and other
complications of pr egnancy (pr ematurity ,
placental abnormalities, respiratory
distress syndrome).69  In order to
examine for neurological effects of
prenatal nicotine exposure that are due
solely to toxic effects on the developing
brain and not due to generally retarded
growth, it is important to conduct
animal testing at relatively low-levels
of exposure. Larger doses that cause
decreased oxygen delivery to the fetus
may cause retarded growth and are
less informative about exclusively
neurotoxic effects. Therefore, animal
studies done with low-dose infusion
pumps that better mimic the level of
human fetal exposure to nicotine due
to maternal smoking give extremely
relevant information.

In rats, prenatal nicotine exposure
by maternal low-dose infusion, causes
hyperactivity in young offspring. 70

The effect is most pronounced in males.
Results of testing for effects on learning
and memory are mixed. Normally
rodents tend to show increasing interest
in exploring novel environments as they
age from infancy to adulthood. Rats
exposed to low doses of nicotine in
utero showed an opposite effect in that
they tend to explore novel environments
more readily in infancy but less after
puber ty.71  Similar changes wer e seen in
other maze tests. 72   These tests also show
that complicating the task by changing
the testing context sometimes uncovers
nicotine-induced behavioral changes that
would not otherwise be apparent.

Human Studies

A number of studies of children
whose mothers smoked during pregnancy
report adverse effects, including
diminished intellectual capacity and
achievement into adulthood. 73  74  75  76

Effects are apparent immediately after
birth. For example, one study reports
that, using Brazelton Neonatal
Behavioral Assessment Scales, infants
born to smokers score significantly
lower at 2, 3, and 14 days postpartum
than unexposed infants. 77  Hearing seems
to be particularly affected. Nicotine
exposed infants were able to adapt to
sounds normally but were less able to
orient toward the source of the sound.
This finding persisted at 2 weeks of age.

A large study of 12,000 children
followed from birth to 11 years of age
showed that those whose mothers

A number of studies
of children whose
mothers smoked
during pregnancy
report adverse effects,
including diminished
intellectual capacity
and achievement
into adulthood.
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smoked more than 10 cigarettes daily
during pregnancy were 3-5 months
retar ded in general ability , reading and
math skills at age 11. 78   Investigators
corrected for socioeconomic and biolog-
ical variables in the study population.

One study that followed a cohort of
children into adulthood found that, by
age 23, offspring of mothers who
smoked during pregnancy had
significantly lower academic achieve-
ment than unexposed children. 79   This
study controlled for social class, size of
family, and birth weight. It did not control
for maternal academic achievement.

Maternal and/or childhood exposure
to environmental tobacco smoke
(“passive smoking”) also seems to have
adverse effects. 80  For example, after
correcting for confounding variables,
children at ages 6-9, tested for speech
and language skills, intelligence, and
visual/spatial abilities, whose mothers
were exposed to passive cigarette smoke
during pr egnancy , per formed
intermediate between children of
smoking mothers and those unexposed
.81  Investigators noted attention deficits
and information processing problems in
exposed childr en. Testing included the
Wechsler Intelligence Scale for childr en
with three-factor scores including verbal
comprehension, perceptual organization,
and fr eedom fr om distractibility . In an
animal study of the effects of environ-
mental tobacco smoke, rats exposed
only post-natally and not pre-natally
had reduced DNA content in their brains
when compared to unexposed animals. 82

Mechanisms of Neurotoxicity

Animal studies show that gestational
exposure to nicotine at levels that do not
cause growth retardation increases the
number of cholinergic nicotinic neuro-
receptor sites in the fetus and neonate,
an effect that persists through the postnatal
period of synapse formation. 83  Prenatal
nicotine exposure also causes subnormal
levels of the neurotransmitters dopamine
and norepinephrine in the postnatal
period. 84  Changes in norepinephrine
utilization persist in some areas of the
brain in adulthood.

A study of fetal and neonatal rats
exposed to nicotine showed reduced DNA
synthesis in the brain. 85  This was parti-
cularly marked in areas of the brain with
higher concentrations of nicotinic receptors
and in areas undergoing rapid cell division.

Cigarette smoke, however , is
chemically complex and includes carbon
monoxide and cyanide. In addition to the
direct action of nicotine on the developing
brain, other potential mechanisms of
toxicity of smoke include low oxygen
levels from carbon monoxide and
impaired transfer of nutrients across the
placenta, resulting in generally retarded
fetal growth.

Conclusions

Tobacco smoke is a complex mixtur e
of chemicals including nicotine, a
neurotoxic substance with lasting effects
on neurological function after fetal
exposures. Offspring of animals and
humans exposed to nicotine in utero are
hyperactive and experience increased
tremors and impaired auditory
responsiveness. Children exposed to
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nicotine and other contaminants of
cigarette smoke during gestation show
persistent intellectual impairment that
affects performance on neurological
testing and is associated with lower
academic achievement. Environmental
tobacco smoke (“passive smoking”) also
interferes with brain development.

DIOXINS AND PCBS

• Monkeys exposed to dioxin
as fetuses show evidence of
learning disabilities

• Humans and animals exposed
as fetuses to low levels of PCBs
have learning disabilities

• Children exposed to PCBs
during fetal life show IQ deficits,
hyperactivity , and attention deficits
when tested years later

Dioxins are a family of chemical
compounds unintentionally produced
during a variety of industrial processes,
including municipal and medical waste
incineration, secondary copper smelting,
hazardous waste incineration, and
chlorine-based pulp and paper bleaching,
among others. Dioxins consist of two
benzene rings, joined by two oxygen
atoms, with varying numbers of chlorine
atoms distributed ar ound the peripher y.
The toxicity of a given dioxin molecule
varies with the number and position of
chlorine atoms. Most of the toxic
manifestations of dioxin exposure are
mediated through attachment of the
dioxin molecule to a cellular receptor
(the Ah receptor), although some
neurodevelopmental effects may be
unrelated to Ah receptor activation.
Within the dioxin family of compounds,

2,3,7,8 – tetrachlorodibenzo-p-dioxin
(with chlorine atoms in the 2,3,7,8
positions) has the highest affinity for the
Ah receptor and is the most potent
trigger of Ah r eceptor -mediated ef fects.

Polychlorinated biphenyls (PCBs)
are industrial chemicals that were
intentionally produced for many years
and used for a variety of purposes
including as lubricants, coatings, and
insulating material in electrical
transformers. In the US, and in most
other countries, PCB production has been

Dioxin is concentrated in animal fat, and accumulates at higher levels in
long-lived animals, and animals higher in the food chain. Because human
food sources vary with age, dioxin intake also varies with age.1  2  Because
dioxin is concentrated in breast milk, the intake of breast-feeding infants is
highest, exceeding ATSDR’s  recommended limit for chronic exposure (one
year or longer)  by a factor of 34-53.  This limit is exceeded to lesser degrees
in all age groups. According to EPA, if one were to calculate, based on all
human and animal data, a dioxin exposure limit that would protect against
noncancer effects, (incorporating uncertainty factors to account for species
differences and sensitive populations, such as the fetus), this exposure limit
would be “on the order of 10 to 100 times below the current estimates of
daily intake in the general population.”3

Breast-fed Infant •••••••••••••••••••••
••••••••••••••••••••••

1-4 years ••••••••••••••••
5-9 years •••••••••••••

10-14 years ••••••••
Over 20 years ••

AGE GROUP

2X

1-16X

1-27X

1-32X

34-53X

EXPOSURE

* Based on a minimal risk level defined by ATSDR as a level at or below which adverse health effects are not expected to
occur in humans. Chronic exposure is defined as an exposure lasting 1 year or longer.

1 pg/kg/day (the advised limit for chronic exposure)=•

Current Dietary Dioxin Exposures
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banned because of their environmental
persistence, tendency to bioaccumulate,
and toxicity. However, PCBs still exist in
many electrical transformers, in landfills,
and hazardous waste sites. PCBs are
structurally similar to dioxins but lack the
oxygen atoms between the benzene rings.

Routes of Exposure

 Exposure to dioxins and PCBs is
largely through dietary sources. Both
dioxins and PCBs are environmentally
persistent and tend to bioaccumulate in
fatty tissue. Consequently, concentrations
of each are highest at the top of the food
chain, including beef, pork, dairy products,
and fish. Breast milk contains among the
highest levels of any human tissue because
of its high fat content, which explains
why a nursing infant is exposed to a
substantial portion of a total lifetime dose
of each of these families of chemicals
during the first few months of life.

Animal Studies

Monkeys exposed gestationally to
dioxin through a maternal diet containing
5-25 ppt dioxin, within the range of
human breast milk contamination, show
deficits in discrimination-reversal learning
(retarded learning of shape reversals).86

In this test, animals initially learn to
respond correctly to a particular shape,
form, color, or position. Then the correct
answer is reversed so that the previous
incorrect response now becomes correct.
This requires changing a response
strategy, a task more difficult than simply
learning to discriminate initially.

Monkeys fed from birth to age
twenty weeks with a PCB mixture and
concentration representative of PCBs
typically found in human breast milk
showed significantly impaired learning and
performance skills when tested between
2.5 and 5 years of age.87   In addition to
retarded learning, exposed monkeys
showed perseverative behavior (constant
repetition) and an inability to inhibit
inappropriate responses.88  The affected
monkeys had blood PCB levels of 2-3 ppb,
similar to levels in the general human
population. Other investigators report
similar effects on learning and behavior in
monkeys exposed to PCBs shortly after
birth, including hyperactivity.89  90

 Rats exposed to PCBs prenatally
show reduced visual discrimination,
increases and decreases in activity level,
and impaired learning. 91  92   Depending
on the particular PCB(s) used in the
study , effects ar e seen at mater nal doses
as low as 2 microgms/kg/day every
second day from day 10-20 of gestation,
with no no-effect level identified.

An adequate margin
of safety requires several
orders of magnitude
between the range of
human exposures and
the lowest level of
adverse health effects.
Adverse health effects
of dioxin,1 2 3 4 however,
have been demons-
trated in animals at
levels of exposure
that approximate
the upper range of
human exposures. This
demonstrates the urgent
need to reduce human
exposures by reducing
or eliminating dioxin
production and release.

Dioxin: Inadequate Margin of Safety

1

10

100

1,000

10,000

100,000

1,000,000

decreased sperm
count  (rats)

increased abortions,
learning-impaired
offspring (monkey)

altered social
behavior in
offspring (monkey)

male reproductive
effects (rats) single gestational dose

single gestational dose

4 year exposure 
(preconception, gestational, 
and lactational)

1.3 year exposure 
(preconception, gestational, 
and lactational)breastfed infant

child

teenager
adult

DIOXIN
EXPOSURE

(picograms/kg/d)

CURRENT
HUMAN

EXPOSURE

REPORTED
HEALTH EFFECTS
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Dioxin is unintentionally produced in a variety of industrial
processes, including municipal and medical waste incineration.1
Once emitted into the air, dioxin often travels more than a
thousand miles before settling on pastures and water bodies
that produce the global food supply.2  PCBs were produced
predominantly from the 1920’s to the 1980’s, for use in a variety
of products including  transformers, capacitors, and lubricant
oils.3  While PCB production has been banned in most countries,
approximately two-thirds of the total amount produced has not
yet been released to the environment.4  PCBs have been
introduced into the environment through careless disposal,
leakage from industrial facilities and waste disposal sites, and
from products in use.5  6  PCBs introduced to land or water bind
to soil and sediment particles, evaporate at various rates, and,
like dioxin, undergo long range atmospheric transport. 7  8

     Because of their similar chemical properties, PCBs and
dioxin have similar patterns of long range atmospheric transport
resulting in widespread deposition. Both accumulate in the
cattle and fish feeding on contaminated vegetation, and
concentrate further in species eating high on the food chain,
including humans. PCBs and dioxin can remain in soil for many
years. 9  10  Laboratory studies in animals have demonstrated
significant dermal absorption of PCBs, but not of dioxin,
following contact with contaminated soil.11  12  13  However, most
human exposure to both PCBs and dioxins occurs through food
consumption.14  15  Because dioxin and PCBs are carried by fat,
they are passed during pregnancy from mother to fetus, the
most vulnerable stage of human development, and continue to
be transmitted during breast feeding.  Dioxin and PCBs thus
illustrate one of the unforeseen pathways by which industrial
chemicals may travel from the factory to the fetus.
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Human Studies

In the late 1960s and early 1970s
two episodes of accidental human
exposure to PCB-contaminated rice oil
in Japan and T aiwan r esulted in tragic
developmental effects in children born
to exposed mothers. 93  The developing
fetus was much more sensitive than
mothers, and numerous abnormalities
were observed including low birth
weight, hyperpigmented skin, swollen
gums and eyelids, and early tooth
eruption. Neurological abnormalities
were among the most significant
findings, including mental retardation
among some of the most highly
exposed. Delayed brain development
and behavioral abnormalities in the
children persist for years after the
incidents. Exposed children have deficits
on IQ testing, and according to
teachers, are hyperactive and exhibit
more behavioral problems than those
unexposed. 94

Although these tragic incidents
exposed children to obviously toxic
amounts of PCBs, other studies have
examined the neurodevelopmental
effects of exposures to levels of PCBs
found in the ambient environment. One
group of 212 children in Michigan has
been followed for years. Children were
classified as offspring of fish-eating
mothers if maternal Lake Michigan fish
consumption was at least 6-8 oz/month.
Some of the study families, however ,
were not fish eaters. In most cases, but
not all, fetal and nursing PCB exposure
correlated with maternal Lake Michigan
fish consumption before and during
pregnancy . The children most highly

exposed to PCBs prenatally showed
delayed or reduced psychomotor
development and poorer performance on
a visual recognition memory test. 95

These children have now been followed
for more than 11 years. Prenatal PCB
exposure remains associated with lower
IQ scores after controlling for other
factors, including socioeconomic
status. 96  Compared with the low
exposure group, the most highly exposed
children were more than three times as
likely to perform poorly on IQ tests and
tests designed to measure their attention
span. They were more than twice as
likely to be at least two years behind in
word comprehension in reading.
According to the investigators, the most
frequent manifestations of neurodevelop-
mental toxicity of PCBs are disturbances
in neuromotor activity and attention
(deficits in focused and sustained
attention), impairments of higher
cognitive functions and learning, and
neurodevelopmental delays. These
disturbances seem likely to persist
throughout the school years.

Another group of children in North
Carolina shows similar results. Higher
fetal PCB exposures, as measured by
PCB levels in maternal blood, were
associated with lower scores on
psychomotor development tests
(Brazelton) at six and twelve months of
age than those with lower exposures. 97

In a New York study of several
hundred newborn children whose
mothers ate PCB-contaminated fish
from Lake Ontario, those with the
higher exposures showed abnormal
reflexes and startle responses and
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decreased visual recognition when
compared with the less exposed. 98

Recently , investigators r epor ted that,
at 12 months of age, prenatal PCB
exposure was associated with poorer
per formance on the Fagan T est of Infant
Intelligence and at 3 years of age with
poorer performance on the McCarthy
Scales of Childr en’s Abilities. 99

The development of another group
of 418 children has been studied
prospectively for several years in the
Netherlands, after measuring PCB/
dioxin levels in maternal blood during
the last month of pr egnancy , in umbilical
cord blood, and in breast milk. These
exposures were all at ambient
environmental levels and not the result
of a large accidental exposure or of
excessive fish consumption. Cognitive
abilities were assessed in 395 of these
children with the Kaufman Assessment
Battery for Children at 42 months of
age. 100   After adjustment for co-
variables, maternal PCB blood levels
were significantly associated with lower
scores on the overall cognitive and
sequential and simultaneous processing
scales of this batter y. Lactational
exposures and current exposure to PCBs
and dioxin were not related to 42-month
cognitive performance, indicating that
the adverse effect is the result of fetal
exposure to PCBs.

The investigators also report that
umbilical cord and maternal PCB blood
levels are significantly associated with
less time at high level play . Blood PCB
levels in 42-month old children are
associated with slower reaction times
and more signs of hyperactivity as

reported by parents. This study also
reported small but significant reductions
in thyroid hormone levels at 2 weeks and
3 months of age in the children with the
highest PCB/dioxin fetal exposures. 101

Mechanisms of Neurotoxicity

 The mechanisms of action of
dioxins and PCBs on early neurological
development ar e incompletely under -
stood. Dioxins and some PCBs share one
mechanism of action but differ in others.
However , because their chemical charac-
teristics ar e similar , they tend to co-exist
in biological tissues, making it difficult
to distinguish between their toxic effects
in human epidemiological studies.

Dioxins and dioxin-like PCBs (so-
called coplanar or non-ortho PCBs)
share a common mechanism of action by
binding to the Ah r eceptor . This complex
is then further processed and passes into
the cell nucleus where it binds to DNA,
influencing the production and metabolism
of a variety growth factors, hormones,
and hor mone r eceptors. However , many
non-coplanar or ortho-PCBs that do not
readily attach to the Ah receptor also
have biological activity , which substan-

PCBs:  Inadequate Margin of Safety
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Prenatal exposure to
background levels of PCBs
has been shown to adversely
effect reflexes, memory
and neurological function
as assessed by physical exam
in infants and toddlers.
Adverse effects on attention,
memory, intelligence and
reading comprehension
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in children followed up
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tially contributes to their neurodevelop-
mental toxicity . At least some of this
toxicity may result from interference
with thyroid hormone function.

PCBs may interfere with thyroid
hormone in a variety of ways. In animal
tests, some PCBs displace thyroxine from
its carrier protein, transthyretin, in the
circulation. In many animals, thyroxine,
attached to transthyretin, is the form by
which thyroid hormone gains access to
the fetal brain. Any chemical that interferes
with this binding has the potential to alter
normal brain development. However, in
humans, another protein, thyroid binding
globulin, is the main carrier protein for
thyroxine, and their binding is less
affected by PCBs.

Dioxin and PCBs may also interfere
with thyroid hormone function by
increasing the turnover of thyroxine
through induction of an enzyme, which
facilitates the metabolism and excretion
of the hormone. 102  PCBs may also
interfere with thyroid-hormone-mediated
gene transcription. 103  A recent report,
however , shows that, although pr enatal
PCB exposure does reduce thyroxine
levels, thyroid-dependent protein
synthesis in the brain is not affected by
the doses used. 104  This finding implies
that the neurodevelopmental effects of
prenatal PCB exposures are not
exclusively due to decreased thyroid
hormone levels.

Some PCBs also alter normal brain
neurotransmitter levels, although the
nature of change depends on PCB
structure. 105  For example, ortho-PCBs

decrease dopamine synthesis while non-
ortho PCBs increase dopamine levels
after in utero and lactational exposure in
rats. 106  This effect may also be related to
the neurodevelopmental delays described
in humans exposed to PCBs in utero.

Conclusion

Dioxins and PCBs adversely affect
brain development and function at ambient
levels of exposure. The effects of prenatal
exposure to PCBs appear to be permanent.
Psychomotor developmental delays,
attention deficits, changes in play behavior,
and cognitive impairment, including IQ
deficits, have been described in large
human study populations. The mecha-
nism(s) by which these chemicals exert
their neurotoxic effects are not fully
understood but probably include
alterations in neurotransmitter levels
and thyroid hormone function.

PESTICIDES

• Animal tests of pesticides belonging
to the commonly used organophos-
phate class of chemicals show that
small single doses on a critical day of
development can cause permanent
changes in neurotransmitter receptor
levels in the brain and hyperactivity

• One of the most commonly used
organophosphates, chlorpyrifos
(Dursban), decreases DNA synthesis
in the developing brain, resulting in
deficits in cell numbers

• Some pyrethroids, another
commonly used class of pesticides,
also cause permanent hyperactivity in
animals exposed to small doses on a
single critical day of development
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• Children exposed to a variety of
pesticides in an agricultural
community in Mexico show
impaired stamina, coordination,
memor y, and capacity to r epresent
familiar subjects in drawings

Many pesticides kill insects because
they are neurotoxic. For example, the
organophosphates and carbamates
inhibit acetylcholinesterase, the enzyme
responsible for breaking down the
neurotransmitter acetylcholine. Other
families of pesticides including pyrethroids,
pyrethrins, and organochlorines also
exert their toxic action by interfering
with nerve cell function. Routes of
exposure to pesticides are discussed in
Chapter 7.

Organophosphates

Organophosphates are widely used for
pest control in the home, on the lawn and
garden, and on the commercial food supply.

Animal Tests

Studies in neonatal mice show that
a single dose of an organophosphate
pesticide (1.5 mg diisopropylfluoro-
phosphate [DFP]/kg body wgt) on
postnatal day 10 causes permanent
decreases in muscarinic cholinergic
receptors in the cerebral cortex and
hyperactivity at 4 mos. of age. 107

Exposed animals showed persistently
increased locomotion (horizontal
movement) and total activity (all types
of movement) when compared to
untreated controls.

Chlorpyrifos (Dursban), one of the
most heavily used organophosphates,
also causes neurochemical and

behavioral effects in rats exposed
during gestation. Pregnant rats given
chlorpyrifos (6.25, 12.5, or 25 mg/kg/
day by injection, gestational days 12-19)
had offspring with fewer muscarinic
cholinergic receptors in their brains and
markedly altered righting reflex and cliff
avoidance tests. 108  When maternal rats
are treated with 5 mg chlorpyrifos/kg/
day by gavage from gestational day 6-
postnatal day 11, offspring have a
decreased auditory startle response
and decreased brain weight. 109  (For
comparison purposes, the current
reference dose [RfD] for chlorpyrifos,
the human dose below which no
adverse ef fects ar e consider ed likely ,
is 3 microgm/kg/day)

Another organophosphate, diazinon,
was given to pregnant mice at 0, 0.18,
or 9.0 mg/kg/day thoughout pr egnancy ,
and the development of their offspring
was evaluated. 110  Offspring of the
mothers receiving the highest dose grew
more slowly than those in the lower
exposure groups. Although offspring of
those receiving the lowest dose grew
normally, behavioral testing r evealed
delays in development of the contact
placing r eflex and sexual maturity .
Adult offspring of mothers exposed at
either dose showed impaired endurance
and coordination.  The RfD for
diazinon is under r eview by EP A.

Organochlorines

DDT is an organochlorine pesticide
no longer used in the US but heavily
used in some parts of the world both in
agriculture and for disease vector
control. DDT was banned in the US and

Studies in neonatal
mice show that a
single dose of an
organophosphate
pesticide on postnatal
day 10 causes
hyperactivity at
4 mos. of age.
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other countries because of toxicity to
wildlife and its capacity to
bioaccumulate and persist in the
environment for years. DDT also exerts
its toxic action by interfering with the
stability of nerve cell membranes,
resulting in overstimulation of the
nervous system in exposed animals.

Animal Tests

Newborn mice were given a single
dose of 0.5 mg DDT/kg on day 3, 10, or
19 of life and examined at 4 months of
age for activity level and muscarinic
cholinergic receptors in the brain
cortex. 111  Those animals exposed to
DDT on day 10 showed significant
increases in activity level and decreases
in receptor levels at that age. Mice
exposed on days 3 or 19 did not show
significant changes. These results
highlight a short but significant window
of vulnerability to a neurotoxic chemical
when exposure may have lifelong effects
on brain structure and function.

Human Studies

Reports of the neurological
evaluation of children exposed to
pesticides are few and are usually limited
to the acute effects of exposures.
However , a recent study of childr en in
Mexico, who are regularly exposed to a
mixture of pesticides in their largely
agricultural community , suggests that
many different brain functions may be
impaired by pesticide exposure during
child development. 112  Researchers
compared two different groups of 4-5
year old children who came from very
similar genetic, social, and cultural
backgr ounds. However , one gr oup lived

in a community where pesticides were
regularly used in agriculture whereas the
other came from a community with a
non-chemical agricultural system. A
variety of organochlorine pesticides were
measured in the umbilical cord blood
and breast milk of individuals in the
pesticide-exposed community , though
exposure to other classes of pesticides
wer e also likely .

Children in the exposed community
showed significantly diminished stamina
and coordination when asked to catch a
ball, stand on one foot as long as
possible, jump in place, and drop raisins
into a bottle cap from a distance of 15
cm. Memory in the pesticide-exposed
children was also impaired. They were
less able to recall what they had been
promised as a reward (a red balloon)
before testing started. Exposed children
were also impaired in their ability to
draw recognizable representations of
people and objects. When asked to
draw a person, exposed children averaged
1.6 body parts/drawing in drawings
considerably more distorted than those
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of the unexposed children that averaged
4.4 body parts/drawing. Houses and trees
drawn by pesticide exposed children
were also more distorted and difficult
to interpret. Exposed children appeared
to be less creative in their play activity.

Pyrethroids

Naturally-occurring pyrethrins or
synthetic pyrethroids are insecticides that
also exert their toxic action by interfering
with the electrical activity of nerve cells.
They are sometimes divided into Type I
and Type II compounds. Type I cause
repetitive firing of nerve cells while Type
II cause nerve inexcitability by blocking
cell depolarization.

Animal Tests

Mice given small doses of
bioallethrin (T ype I) or deltamethrin
(Type II) on day 10 of life also show
reduction in muscarinic cholinergic
receptor levels in the brain cortex as
adults, along with hyperactivity .113  In an
attempt to better define the dose-
response curve, investigators used doses
of bioallethrin at 0.21, 0.42, 0.70, and
42 mg/kg on day 10 of life. The
hyperactivity of the mice as adults
increased with increasing levels of
exposure through the 0.70 mg/kg dose,
but then fell sharply with the 42 mg/kg
dose. This observation is particularly
important for pesticide testing in that
testing at higher doses of exposure may
fail to identify an adverse effect seen only
at lower levels of exposure. Current
methods for dose selection for pesticide
regulatory testing purposes may miss
this effect and should be re-examined.

54 mos. girl

54 mos. girl

53 mos. girl

55 mos. girl

60 mos. girl

71 mos. girl

71 mos. girl

71 mos. boy

Valley

 (pesticide-exposed)

Foothills

(pesticide-free)

Drawings of a Person
by Yaqui children (by age and gender)

Illustrations are those by Mexican Yaqui Indian children drawn
during a study of the effects of pesticide exposure on neurological
development. The study was conducted by Elizabeth A. Guillette,
PhD, University of Arizona. Illustrations used with permission.
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Another study of two pyrethroids,
fenvalerate and cypermethrin, examined
the effect on neurotransmitter levels in
offspring of rats after gestational and
lactational exposures.114  Alterations in
levels of neurotransmitter enzymes
(monamine oxidase and acetylcholin-
esterase) were noted. Dopamine receptor
levels in the brain were decreased after
exposure to each of the chemicals and
muscarinic cholinergic receptor levels
were markedly decreased only after
cypermethrin.

Mechanisms of Neurotoxicity

Organophosphates and carbamates
inhibit acetylcholinesterase, the enzyme
responsible for breaking down the
neurotransmitter acetylcholine at nerve
synapses or at the junction of nerves with
muscles. The result is twofold. In the
short term, the synapse or neuromuscular
junction is overstimulated and clinical
symptoms result. But in the developing
organism, as previously noted, neuro-
transmitters also play important roles in
orchestrating cell proliferation, migration,
differentiation, synapse formation and
apoptosis. Alterations in neurotransmitter
levels during development have significant
effects on the brain that do not occur after
adult exposures.

Several different mechanisms help
explain the neurodevelopmental effects of
organophosphates. First, by altering
neurotransmitter levels (acetylcholine
and others secondarily) these chemicals
interfere with cell replication and
differentiation. Second, acetylcholines-
terase itself appears to have a role in

brain development, independent of its
serving as an enzyme to break down the
neurotransmitter, acetylcholine. Research
shows that the enzyme facilitates neurite
outgrowth from neurons and that
deficiency of the enzyme reduces neurite
outgrowth.115  In addition, chlorpyrifos
decreases DNA synthesis, independent of
its cholinergic mechanism, resulting in
deficits in numbers of cells in the
developing brain.116  117  This latter obser-
vation is particularly important for two
reasons. First, the potential for toxicity of
organophosphates is often inferred from
the degree of cholinesterase inhibition,
but the effects of chlorpyrifos on DNA
synthesis and cell numbers show that no
general conclusions may be drawn from
anticholinesterase activity alone. Neuro-
toxicity testing has not generally been
designed to measure the effects of organo-
phosphates on cell proliferation and
differentiation. The presumption has been
that cholinesterase inhibition is the most
sensitive endpoint. Second, the low concen-
trations of chlorpyrifos necessary to impair
DNA synthesis and cell division are actually
lower than exposure levels of children under
some pesticide home-use conditions.118  119

Pyrethroids, pyrethrins, and
organochlorines also exert their toxic
action by interfering with nerve cell
function. By modifying the permeability
of nerve cell membranes to various ions
they may either increase or decrease
the excitability of nerve cells causing
repetitive firing or prolonged inactivity.
Studies done in developing animals show
that each of these classes of insecticides

The low
concentrations
of chlorpyrifos
necessary to impair
DNA synthesis and
cell division are
actually lower than
exposure levels of
children under some
pesticide home-use
conditions.
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may also permanently alter neuroreceptor
levels in portions of the brain and modify
animal behavior as a result.

Conclusions

Several different classes of pesticides
show unique neurodevelopmental
toxicity in animals exposed during
gestation or at particular windows of
vulnerability in the neonatal period.
Small exposures during those periods of
susceptibility permanently alter brain
neur oreceptor levels and cause hyper -
activity in the animals as adults. These
adverse effects are distinctly unlike those
seen after adult animal exposures. It is
important to note that the stage of brain
development in rodents at age 10 days is
similar to the same stage in humans
during the last trimester of pr egnancy .
These results, therefore, suggest the
potential for similar effects in the off-

spring of women who are exposed to
these types of chemicals during the latter
part of pr egnancy . One study of childr en
exposed to a mixture of pesticides
during development shows adverse
impacts on a variety of neurological
functions, including stamina,
coordination, memor y, and ability to
conceptualize and draw . These r esults
confirm the need for comprehensive
neurodevelopmental testing of pesticides
before they are licensed for commercial
use. Under cur rent law , the US EP A is
authorized to require such testing but,
with rare exceptions, has failed to
exer cise that authority . (see chapter 7)

SOLVENTS

• Exposure to organic solvents during
development may cause a spectrum
of disorders including structural
birth defects, hyperactivity , attention
deficits, reduced IQ, learning and
memory deficiencies.

• As little as one alcoholic drink a
day during pregnancy may cause
impulsive behavior and lasting
deficits in memor y, IQ, school
performance, and social
adaptability in offspring.

• Animal and limited human studies
show that exposures to common
chemicals like toluene, trichloro-
ethylene, styrene, and xylene during
pregnancy can also cause learning
deficiencies and altered behavior in
offspring, though fairly large
exposur es may be necessar y.
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Routes of Exposure

Organic solvents are widely used in
consumer products, hobbies, and indus-
try. Releases of some or ganic solvents to
the environment from large industrial
sources are reported on the Toxics Release
Inventory (TRI). For example, in 1997
over 115 million pounds of toluene, 75
million pounds of xylene, 46 million
pounds of styrene, and 21 million pounds
of trichlor oethylene wer e released to air ,
water , and land by the lar gest industries
required to report their toxic emissions.
Ethanol is consumed in alcoholic beverages.
Toluene and xylene ar e in gasoline and
its vapors, as well as other consumer
products. Trichloroethylene is commonly
used as a degreaser and is a common
drinking water contaminant at low
concentrations. Because many solvents
are volatile, inhalation exposures are
particularly important.

Ethanol (alcohol)

The neurodevelopmental effects of
ethanol have been extensively studied.
The term “fetal alcohol syndrome”
(FAS) was first coined in 1973 to
describe malformations in the offspring
of chronic alcoholic women. 120  However ,
the consequences of fetal alcohol
exposure had been known long before.
Affected children show a mixture of
craniofacial, limb, and cardiovascular
defects associated with growth and
developmental delays, though the degree
of impair ment can var y considerably .
Cognitive functions may vary from
normal to severely disrupted while
physical features may independently vary
from normal to obviously abnormal.

The Institute of Medicine of
the National Academy of Sciences
Committee to Study Fetal Alcohol
Syndrome has proposed five diagnostic
categories for fetal alcohol related
abnor malities: 121   1) diagnosis of F AS
and a confirmed history of maternal
alcohol exposur e, 2) diagnosis of F AS
without a confirmed history of maternal
alcohol exposur e, 3) par tial FAS with
confirmed alcohol exposure, 4) alcohol
related birth defects, 5) alcohol related
neurodevelopmental disorders.

The spectrum of clinical abnormali-
ties probably reflects differences in
timing, duration, and level of alcohol
exposure during gestation, although the
timing of periods of vulnerability for
each of the various disorders is not well
known. First trimester exposure is
probably necessary for the distinctive
physical facial abnormalities seen in
FAS.122  Alcohol exposur e during the
second and third trimester alters neu-
ronal cir cuitry. The third trimester is a
particularly vulnerable time for brain
injury as a result of alcohol exposure. 123

Alcohol’s ef fects on the fetus ar e mor e
related to the maternal peak blood
alcohol level than to total alcohol con-
sumed, so that binge drinking is likely to
be more harmful than equal amounts
consumed over a longer period of
time. 124  One study finds a threshold
effect at an average of 0.5 oz. absolute
alcohol per day .125

Clinical manifestations of fetal
alcohol exposure include hyperactivity
and attention deficit.126  Memory, speed
of information processing, and
arithmetic functioning are also

Clinical
manifestations of
fetal alcohol
exposure include
hyperactivity and
attention deficit.
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adversely affected.127  Eating disorders,
bedwetting, sleep disorders, speech
delay, anxiety, depression, and
psychotic symptoms may also occur.
Although there is a higher likelihood of
cognitive disorders and mental
retardation in FAS children, mental
function varies and may be normal.

A study of 16 pairs of twins heavily
exposed to alcohol prenatally found
concordance for fetal alcohol syndrome
in five pairs of monozygotic twins and
in 7 of 11 pairs of dizygotic twins. 128

Genetically-determined variations in
maternal metabolism of alcohol also
influence the likelihood of F AS in
offspring, since one of the metabolites
of alcohol, acetaldehyde, is thought
to contribute substantially to the
condition. 129  These observations
demonstrate the interaction of
genetic factors with a well-known
neurodevelopmental toxicant.

One of the difficulties encountered
in studying the results of fetal alcohol
exposure is the frequent co-occurrence
of poor maternal nutrition, delayed
prenatal care, and other maternal
substance abuse, including tobacco.
These factors complicate efforts to tease
out the clinical features that are solely
due to alcohol. Moreover, eating and
sleep disturbances, behavioral
difficulties, and impaired cognitive
functioning and attention often
adversely impact the mother-infant
relationship. Thus, it is difficult to
know how much future disability is
attributable to fetal alcohol exposure
and how much is due to social factors
during infancy and early childhood.

Mechanisms of Neurotoxicity

Animal studies show that fetal
alcohol exposure causes reduction in
brain weight, selective loss of certain
cells, impaired maturation of cells, and
retarded synaptic development.130  131

Several different mechanisms probably
contribute to alcohol toxicity. They
include disruption of cell-cell interactions
by interfering with cell adhesion
molecules132 , reduction of placental
transport of amino acids, glucose, and
other nutrients as a result of reduced
oxygen supply133 , and abnormalities
of synaptic transmission.134

Other Solvents

Human Studies

Compared to ethanol, much less is
known about the effects of other
solvents on brain development and
function. Occupational exposures to
solvents may cause both peripheral and
central nervous system effects in adult
workers and are also associated with
birth defects, including abnormalities of
the central nervous system, in their
offspring. 135  136  However , little
information is available about the
neurological development of children
whose mothers were exposed to solvents
during pr egnancy . One study examined
neurological development of children at
an average age of 3 years whose mothers
had been occupationally exposed to
solvents during at least some portion of
pregnancy .137  No significant ef fect was
found on evaluation for attention,
behavior , sociability , activity , or lear ning.
Developmental milestones were the same
in exposed and unexposed groups, with
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the exception of delayed onset of
walking in the children exposed
throughout pregnancy as compared to
unexposed children. (13.3 mos. vs. 12.2
mos.) This finding is of uncertain
significance since the children of
mothers exposed for only the first or
first and second trimesters of pregnancy
actually began walking sooner than the
unexposed. (10.8, 11.6 mos vs. 12.2)
Maternal exposures in this study were
not actually measured, and no attempt
was made to correlate developmental
outcomes with specific solvents. It may ,
therefore, be misleading to draw any
firm conclusions fr om this single study .

Toluene is an or ganic solvent used
in glues, inks, paints, cleaning agents,
and gasoline. After large exposures,
such as encountered with maternal
glue snif fing during pr egnancy , offspring
may be born with craniofacial
abnormalities resembling those of
FAS.138  Follow up studies show gr owth
retardation and persistent deficits in
cognition, speech, and motor skills. It is
unknown whether or not a threshold
level of exposure to toluene exists,
below which no neurodevelopmental
effects occur in humans. The develop-
mental effects of toluene so closely
resemble those of alcohol, that some
investigators believe the mechanism of
toxicity is similar .139  As with alcohol, it
may be the case that even relatively
small exposures to toluene have subtle
but important effects on neurocognitive
development, though this has not been
studied well in humans.

Animal Studies

Animal studies also show
neurobehavioral consequences of
intermittent large prenatal exposures to
toluene. Pregnant mice were exposed to
200, 400, or 2000 ppm (parts per
million) toluene by inhalation for 60
minutes, 3 times a day , on gestational
days 12-17. Offspring from the highest
exposure group performed more poorly
on behavioral tests of righting reflex,
grip strength, and inverted screen. 140

Rats exposed to 1800 ppm toluene 6 hrs/
day by inhalation on days 7-20 gestation
gave birth to offspring with impaired
learning when tested in a Morris water
maze. 141  Occupational safety limits for
toluene in the US allow 200 ppm
exposur e for a 40 hr . work week.
(Occupational safety limits may not be
enforced. The values are presented here
only for purposes of comparison to
experimental data.) Mice supplied with
drinking water containing 16, 80, or 400
mg. toluene/liter (ppm) during pregnancy
and lactation gave birth to offspring
with deficient motor skills (rotorod
performance). 142  The highest exposed
group showed decreased habituation in
open-field activity . The EPA’s maximum
contaminant level (MCL) for toluene in
drinking water is 1.0 mg/l (ppm).

The offspring of rats supplied with
drinking water containing 312, 625, or
1250 mg trichloroethylene/liter (ppm)
throughout gestation and lactation were
studied. 143  Exploratory behavior was
increased in 60- and 90-day old male
rats exposed at any level. Locomotor
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activity (running wheel) was higher
in rats exposed to 1250 ppm
trichloroethylene. The EP A’s drinking
water MCL for trichloroethylene is
0.005 mg/l (ppm) The offspring of rats
exposed to 1800 ppm trichloroethylene
by inhalation 6 hr/day , 5 days per week
for 2 weeks before mating had reduced
body weight but no evidence of behavior
abnormalities. 144   The offspring of those
exposed throughout pregnancy had
marginally reduced activity levels.
Occupational safety limits in the US
allow trichloroethylene exposure at
100 ppm for a 40 hr . work week.

Xylene exposure by inhalation at
500 ppm, 6 hrs/day , on gestational days
7-20 resulted in rat offspring with
decreased brain weight and diminished
motor performance (rotorod) and
learning and memory (Morris water
maze).145  500 mg/m3 xylene is equivalent
to 115 ppm. In another study , the
offspring of rats exposed to xylene at
500 mg /m3, 6 hrs/day , 5 days/wk,
throughout pregnancy showed reduced
horizontal movement in open field
testing and structural changes in brain,
hear t, liver, and kidneys. 146  At 50 mg/m3
offspring showed retarded growth and
skeletal abnormalities. Occupational
safety limits in the US allow xylene expo-
sure at 100 ppm for a 40 hr . work week.

Young rats (1-48 days of age)
exposed to styrene at 25 and 50 ppm 7
hrs/day , 6 days/wk. showed significant
delays in weight gain, decreased activity
in open field testing, and decreased
avoidance behavior .147  Occupational
safety limits for styrene exposure in the

US allow 50 ppm for a 40 hr . work
week. Another study shows an important
interaction between prenatal styrene
exposure and dietary protein
deficiency .148   Rats given a pr otein
deficient diet and styrene (100 mg/kg/
day) during pregnancy gave birth to
offspring with lower brain weights and a
marked increase in amphetamine-
induced hyperactivity when compared to
controls, including those exposed to just
styrene or only a low protein diet.

Conclusions

In summar y, many studies show that
fetal exposure to relatively small
amounts of alcohol disrupts normal
brain development, resulting in
hyperactivity , attention and lear ning
disorders, and impair ed memor y. The
magnitude of risk of fetal alcohol
syndrome depends on both genetic and
environmental factors and their
interactions. Large inhalation exposures
to toluene during pregnancy (glue
sniffing) also carries the risk of
devastating effects on fetal brain
development, as well as causing
structural birth defects. The effects of
smaller exposures on fetal brain
development are unknown. Other
solvents that may be encountered in the
workplace or in consumer products have
the potential for disrupting normal brain
development but usually at relatively
high exposur e levels. However , animal
tests suggest that, at levels at or below
those allowed in the workplace, xylene
and styr ene may alter lear ning, behavior ,
motor skills, and activity levels after fetal
exposure. Since volatile solvents are

Animal tests suggest
that, at levels at or
below those allowed
in the workplace,
xylene and styrene
may alter learning,
behavior, motor
skills, and activity
levels after fetal
exposure.
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often present in consumer products,
excessive hobby and home exposures
are possible, particularly when products
are used in confined or poorly ventilated
areas. Nutritional factors may also
contribute to neurodevelopmental
impacts of solvent exposure.

Additional Chemicals of Concern

Although assessments for
developmental neurotoxicity are missing
for many chemicals, two very different
kinds of substances deserve particular
mention because they are intentionally
added to water or food, thereby
exposing large populations on a lifetime
daily basis. Whenever entire populations
are exposed to any chemical substance
through the food or water supply ,
exhaustive safety evaluations should be
essential prior to initiation of exposure
and as new data become available.

Fluoride

Since the 1950’ s, in many
communities throughout the US and
other areas of the world, fluoride has
been added to community drinking
water supplies with the intention of
reducing tooth decay . Controversy
about the safety of that practice centers
around concerns about increased risks
of tooth staining and brittleness (dental
fluorosis), bone brittleness (skeletal
fluorosis), bone cancer , hormone
disruption (melatonin), premature
puber ty, and alter ed neur ological
developmental. In addition, some critics
argue that fluoridating the water supply
has a minimal impact on tooth decay .
The practice has been staunchly
defended by the American Dental

Association and heralded by the Centers
for Disease Control and Prevention as
one of the major public health success
stories of the 20 th centur y. We do not
intend to review the entire controversy
here. Recent reviews are found
elsewher e. 149  150  151  Rather, here we
comment briefly on concerns about
neurodevelopmental impacts of prenatal
exposure to fluoride.

The US EPA sets a Recommended
Maximum Contaminant Level of 4.0
ppm fluoride in drinking water . The
National Institute for Dental Research
considers fluoride at 1 ppm optimal for
preventing dental caries. This level may
be exceeded in some communities.
Additional sources of fluoride, including
topical fluoride treatments, fluoride
tablets, and fluoride toothpaste, add to
the total fluoride burden.

In an animal study , pregnant rats
were given 0.13 mg sodium fluoride/kg
by injection on 9 separate occasions
from days 14-18 or 17-19 during
pregnancy.152  Offspring of tr eated
animals and controls were monitored
by videotape that was then computer -
analyzed in order to quantify various
behavioral characteristics. Offspring
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exposed to fluoride on days 17-19
of pregnancy showed significant
hyperactivity . They tended to move fr om
one activity to another more frequently
than unexposed animals. This study has
been criticized for using excessive
fluoride exposures. The authors respond
by noting that the blood levels of
fluoride in the treated animals were
similar to the levels measured in people
who are exposed through fluoridated
water . Another criticism center ed on the
lack of biological plausibility that the
results would differ in the two groups
exposed at similar times during
pregnancy .153  The authors, however ,
point out that vulnerable developmental
stages change rapidly during this time
window and argue that the findings are
entirely plausible. 154

Another study found that the
offspring of rats given 5, 15, 50 ppm
fluoride in drinking water during
pregnancy and lactation had significantly
elevated acetylcholinesterase levels when
tested at 80 days of age. 155  Maternal
acetylcholinesterase levels were also
increased. Though not measured in this
study , a likely r esult of elevated
acetylcholinesterase activity is decreased
acetylcholine levels. As we have noted,
the enzyme, acetylcholinesterase, and the
neur otransmitter , acetylcholine, play
important roles in brain development.
Changes in the concentrations of any
neurotransmitter during development
may have permanent neurological
consequences. The largest effect
was seen at 5 ppm, decreasing at the
higher levels.

Two reports from China identify
significantly lower childhood IQs in
communities where fluoride exposure is
elevated.  In one community, where
drinking water naturally contains 4.12
ppm fluoride, IQs were significantly
lower than in a nearby community with
fluoride levels at 0.91 ppm. (average IQ
98 vs. 105)156  This difference persisted
when the study population was controlled
for parental educational level. The
authors describe similar occupations,
living standards, and social customs in
the two communities. The ecologic
design of this study imposes some limits
on the conclusions that may be drawn
since the exposure (fluoride) and
outcome (IQ) were compared on a
population-wide basis without any
attempt to associate individual fluoride
exposure levels with individual IQs.
Nonetheless, an IQ shift of 7 points in an
entire population has large population-
wide implications, as well as impacting
individual members, and these results
deserve close attention.

In the other study, investigators
used dental fluorosis and urinary fluoride
levels to stratify children into four
quartiles.157  Elevated fluoride exposures
were associated with decreased IQs in this
population. That is, the distribution of IQ
scores in children in each quartile of fluo-
ride exposure shifted progressively down-
ward as the fluoride exposures increased.

Conclusion

Studies in animals and human
populations suggest that fluoride
exposure, at levels that are experienced
by a significant proportion of the

Studies in animals
and human populations
suggest that fluoride
exposure, at levels
that are experienced
by a significant
proportion of the
population whose
drinking water is
fluoridated, may have
adverse impacts on
the developing brain.
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population whose drinking water is
fluoridated, may have adverse impacts
on the developing brain. Though no final
conclusions may be reached from
available data, the findings are
provocative and of significant public
health concern. Perhaps most surprising
is the relative sparseness of data
addressing the central question of
whether or not this chemical, which is
intentionally added to drinking water ,
may interfere with normal brain
development and function. Focused
research should address this important
matter ur gently .

Food Additives

The potential for certain food
additives to alter neurological
development, behavior , and lear ning
capacity has been the subject of lively
debate and controversy for many years.
Food additives of concern are 1) the
amino acid, glutamate, present naturally
in many proteins and added to many
processed foods, 2) the artificial
sweetener , aspar tame, which is
metabolized into the two amino acids,
aspartate and phenylalanine, and 3) food
colorings and dyes.

One focus of concern centers around
the observation that glutamate and
aspartate are the major excitatory amino
acid neurotransmitters in the mammalian
brain and that large amounts of
glutamate administered to pregnant
rhesus monkeys late in gestation result in
damage to the fetal brain.158  159  Damage
to the hypothalamus, the portion of the
brain responsible for sending chemical
messages to the underlying pituitary

gland, and an essential link in hormonal
regulatory processes, has been most
extensively studied.

It is important to note that most of
the adult brain is protected by the blood-
brain bar rier, wher eas the blood-brain
barrier is not complete in the developing
human brain until about six months of
age (3 weeks in rats, an important
difference when considering the design
of neur otoxicity testing). However , the
hypothalamus is not protected by a
blood-brain barrier at any time during
life and remains in contact with any
potentially neurotoxic substances
circulating in the blood. 160  Destruction
of hypothalamic cells would be expected
to disrupt the intricate chemical
messenger (hormonal) feedback loops
among the hypothalamus, pituitar y, and
testes or ovaries.

Indeed, studies show that rats treated
in the neonatal period with large doses of
monosodium glutamate (MSG) have
significantly smaller accessory sexual
organs and lower concentrations of
testosterone.161  However, the doses of
MSG used in these studies are often 2-5
gms/kg on several consecutive days, levels
known to cause destruction of
hypothalamic neurons, whereas the upper
bound of human dietary daily intake of
MSG is approximately 35 mg/kg.162  163

164  However, Olney argues that blood
glutamate levels, after an oral dose in
adult humans, rise 20 times higher than a
comparable dose in adult monkeys and
five times higher than in mice.165

Therefore, he says, the margin of safety is
not what it appears from animal testing.
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One study shows that the offspring
of rats fed diets containing 2%, 4%, or
6% aspartame during pregnancy and
lactation showed delays in eye opening,
swimming, righting, startle response, and
walking. 166  Effects were seen at each
exposure level. Exposure during nursing
had more effect than prenatal exposure.
These exposures are approximately 3-9
gms/kg/day , which is about a thousand
times higher than expected human
exposur e levels. However , it is impor tant
to remember the lessons from lead,
mer cury, and PCBs  - that animal studies
commonly underestimate human
sensitivity to developmental
neurotoxicants by 100-10,000 fold.

The second focus of concern centers
on the apparent capacity of food dyes and
additives to alter behavior in some
children diagnosed with ADHD or other
attentional disorders. In the 1970’s,
Benjamin Feingold sparked considerable
interest when he linked food additives to
behavior changes in children with
hyperactivity, mood, and behavioral
disorders.167  Since then, the topic has
remained highly controversial. A recent
report from the Center for Science in the
Public Interest reviewed 23 controlled
studies, some of which were blinded, and
found 17 with evidence that some
children’s behavior significantly worsens
after they consume artificial colors or
certain foods. 168  The authors also note
that the National Institute of Mental
Health largely dismiss diet as a treatment
approach and that the Food and Drug
Administration denies the effect of diet on
behavior. This topic is an instructive
intersection of published scientific studies,

anecdotal reports, regulators, a publicly
funded research institution, burdens of
proof, and uncertainty.

Conclusions

For about 25 years considerable
controversy has swirled around the
degree to which food additives,
including artificial sweeteners, flavor
enhancers, colorings, and dyes, may
influence childr en’s brain function.
Studies show that exposures
substantially higher than those in the
human diet are necessary to cause
observable adverse effects in animals.
Historical reviews show , however , that
animal tests frequently underestimate
the sensitivity of the human brain.
Human studies also show that at least
some children appear to be particularly
sensitive to dietary exposures to these
additives, with hyperactivity and
decreased attention spans.

The degree to which these food
additives contribute to attentional and
behavioral disorders in the general
population remains uncertain, though it
seems clear that some children respond
with behavioral changes recognized by
parents, teachers, and healthcare
providers. The link between diet and
behavior in children with ADHD is
uncertain and remains a matter of
considerable disagreement. A substantial
body of literature concludes that the link
exists in some children and raises
questions about the origins of a
heightened sensitivity to these dietary
exposures. Genetic and early-life
environmental factors must be considered
as these questions are explored.  
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Toxicant Health Effects/
Characteristics

Notes:

1. Learning disabilities include
dysfunctions in listening,
speaking, reading, writing,
spelling or calculations.

2. Only neurodevelopmental,
learning or behavioral effects
of toxicants, or physical
impairments that lead to
them, are listed.

3. Chart information is
synthesized from Chapter 6.
Please see this chapter for
references to studies on these
chemicals.

Toxicant Health Effects/
Characteristics

H= Human studies,
A= Animal studies

Solvents

Toluene – H, A Learning disabilities
Speech deficits
Motor dysfunction
Craniofacial
abnormalities

Trichloroethylene - A Increased exploratory
behavior
Hyperactivity

Xylene - A Motor dysfunction
Learning disabilities
Memory impairment
Decreased brain weight

Pesticides

Organochlorines
DDT - A Hyperactivity
Mixture – H Decreased stamina

Decreased coordination
Decreased memory
Decreased ability to
draw familiar objects

Organophosphates
(including DFP, Developmental delays
chlorpyrifos (Dursban), Hyperactivity
diazinon) - A Behavioral disorders

Motor dysfunction

Pyrethroids (including
bioallethrin, deltamethrin, Hyperactivity
cypermethrin) - A

Other

Nicotine – H, A Hyperactivity
Learning disabilities
Developmental delays
in cognitive functions

Dioxins – H, A Learning disabilities

PCBs – H, A Learning disabilities
Attention deficit
Memory impairment
Hyperactivity
Psychomotor dysfunction

Fluoride –
A Hyperactivity
H Decreased IQ

(ecologic studies)

Toxicants and their Health Effects

Metals

Cadmium – H, A Learning disabilities
Decreased IQ
Motor dysfunction
Hyperactivity
Hypoactivity

Lead – H, A Learning disabilities
IQ deficit
Attention deficit
Impulsivity
Violence
Hyperactivity
Aggression

Manganese – H, A Brain damage
Motor dysfunction
Compulsive behavior
Memory impairment
Hyperactivity
Learning disabilities
Attention deficit

Mercury – H, A Visual impairment
Learning disabilities
Attention deficit
Motor dysfunction
Memory impairment
(minimal)
At higher levels:
Smaller brain size,
cellular distortions
in brain
Mental retardation

Solvents

Ethanol (Alcohol) – H, A Learning disabilities
Attention deficits
Memory impairment
Behavioral disorders
Eating and
  sleeping disorders
Lower brain weight
Craniofacial, limb and
cardiovascular
abnormalities
associated with various
growth and
developmental delays
Mental retardation

Styrene - A Decreased activity
Decreased avoidance
behavior
In conjunction
with dietary protein
deficiency: Lower brain
weight, Hyperactivity
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LOCOMOTOR ACTIVITY:

Open field activity – the animal is placed in the
middle of a transparent plastic cage marked off
into squares. Numbers of squares entered (total
activity), horizontal and vertical movements (rearing),
duration of inactivity, description of gait or any
abnormal movements, habituation, and response
to novel environments may be observed.

Rotorod performance – tests the ability of the
animal to maintain its balance on a small
horizontal cylinder that has a rubberized
surface and is rotated by a motor at different
standardized speeds. This tests balancing
reactions and motor coordination.

Running wheel – the animal
is observed running inside a
rotating wheel

LEARNING AND MEMORY:

Morris water maze – the animal capable of
swimming is placed in a tank of water with a
small platform submerged just below the surface
at a specific place in the tank. The animal finds
the platform and can stand on it. This can be
repeated at various intervals to test learning and
memory. The position of the platform can be
changed in order to examine the animal’s
tendency to perseverate or ability to re-learn.

T maze tests – the animal is placed in a T
shaped maze and learns to find the reward in
one arm of the maze. Maze tests, like other tests
that require choices, can be reversed so that the
animal must learn to change response strategies
in order to be rewarded. Changing response
strategies is more complex than learning the
correct response initially and may be a more
sensitive indicator of impaired learning.

Visual recognition – various tests are designed
to test the animal’s ability to recognize shapes,
colors, or positions, by rewarding a correct
response. Discrimination-reversal learning may
then be tested by reversing the correct answer so
that the previous correct answer is now incorrect.

Many different tests are used to assess
the neurological development of

experimental animals. It is important that these
tests are validated and that they do, in fact,
serve as useful indicators of normal or
abnormal neurological function. Test validation
has several components. Investigators must
conduct testing in very similar conditions using
standardized testing protocols. If those
conditions are met, similar results should be
observed in multiple laboratories and should be
replicable in a given laboratory. Any test that is
not replicable or that shows wide and
unexplained variability in results has little utility
for neurological testing. Finally,
predictive power and species
variability (species concordance) must
be considered. These issues are
particularly important when using
animal tests to predict effects in humans.

The following descriptions are intended to
provide the reader with a skeletal description
only of the tests mentioned in this report.
Standardized protocols for administering the
tests are not included.

EARLY REFLEXES:

Placing response – the animal is held by the
nape of the neck and touched on the chin with
a stretched wire. Normally the animal grips the
wire with its forelimbs. This response develops
within a few days of birth

Righting reflex – the animal is placed on its back
and observed for speed and ability to turn upright

AVOIDANCE:

Cliff avoidance – the animal is placed on
a raised platform; the normal response is to
turn away when visual stimulus suggests
dangerous depth (height)

STRENGTH:

Grip strength – the strength with which
the animal grips a wire with forelimbs
against resistance

GLOSSARY OF TESTS OF NEUROLOGICAL DEVELOPMENT IN RODENT STUDIES



96   I N  H A R M ’ S  W A Y :   To x i c  T h r e a t s  t o  C h i l d  D e v e l o p m e n t

C H A P T E R  6 :  K n o w n  a n d  S u s p e c t e d  D e v e l o p m e n t a l  N e u r o t o x i c a n t s

Footnotes to diagrams

Mercury - Inadequate Margin of Safety

1 Agency for Toxic Substances and Disease Registry. Toxicologic
Profile for Mercury. SU Dept. Health and Human Services, 1997.

2 Wheatley B, Paradis S. Northern exposure: further analysis of
the results of the Canadian aboriginal methylmercury program.
Int J Circumpolar Health, Suppl 1:586-90, 1998.

3 Wheatley B, Paradis S. Balancing human exposure, risk and
reality: questions raised by the Canadian aboriginal
methylmercury program. Neurotoxicology 17(1):241-9, 1996.

4 Fujita M, Takabatake E. Mercury levels in human maternal and
neonatal blood, hair and milk. Bull Environ Contam Toxicol
18(2):205-7,1977.

5 MacIntosh DL, Spengler JD, Ozkaynak H, et al. Dietary
Exposures to Selected Metals and Pesticides. Enivorn Health
Perspect 104:202-9,1996.

6 Lebel J, Mergler D, Lucotte M et al. Evidence of early nervous
system dysfunction in Amazonian populations exposed to low-
levels of methylmercury. Neurotoxicology 17(1):157-67, 1996.

7 Hansen JC. Mercury and selenium concentrations in Greenlandic
mother-infant blood samples. In: Dillon HK, Ho MJ, eds. Biological
monitoring of exposure to chemicals: Metals. New York:John
Wiley and Sons, 11-25. In ATSDR 1997, Toxicologic Profile of
Mercury, p. 363.

8 Galster WA. Mercury in Alaskan Eskimo mothers and infants.
Environ Health Perspect 15:135-40, 1976. In ATSDR p.347.

9 Airey D. Total mercury in human hair from 13 countries in
relation to fish consumption and location. Sci Total Env 31:157-
180, 1983.

10 Airey D. Total mercury in human hair from 13 countries in
relation to fish consumption and location. Sci Total Env 31:157-
180, 1983.

11 Airey D. Total mercury in human hair from 13 countries in
relation to fish consumption and location. Sci Total Env 31:157-
180, 1983.

Dioxin - Current Exposures

1 Patandin S et al. 1999. Ibid.

2 Schecter A, Ryan JJ, Masuda Y et al. Chlorinated and
brominated dioxins and dibenzofurans in human tissue following
exposure. Environmental Health Perspectives 102, Suppl. 1:135-47,
1994.

3 EPA. Health Assessment Document for 2,3,7,8-
Tetrachlorodibenzo-p-Dioxin and Related Compounds, 1994, p.IX-
81.

Dioxin - Inadequate Margin of Safety

1 Malby TA, Moore RW, Peterson RE. In utero and lactational
exposure of male rats to 2,3,7,8TCDD: 1.Effects on androgenic
status. Toxicol Appl Pharmacol 114:97-107, 1992.

2 Bowman RE, Schantz SL, Gross ML et al. Behavioral effects in
monkeys exposed to 2,3,7,8 TCDD transmitted maternally during
gestation and for four months of nursing. Chemosphere 18:235-
242, 1989.

3 Bowman RE, Schantz SL, Weerasinghe NCA, et al. Chronic
dietary intake of  2,3,7,8 TCDD at 5 or 25 ppt in the monkey:
TCDD kinetics and dose-effect estimate of reproductive toxicity.
Chemosphere 18: 243-252, 1989.

4 Schantz, SL, Ferguson SA, Bowman RE. Effects of 2,3,7,8 TCDD
on behavior of monkey in peer groups. Neurotoxicology Teratol
14:433-446, 1992.

Factory to Fetus

1 USEPA. Estimating Exposure to Dioxin-Like Compounds, Volume
II: Properties, Sources, Occurrence and Backgroupd Exposures,
USEPA, Office of Research and Development, EPA/600/6-88/005Cb,
external review draft, June.

2 Cohen M, Commoner B, et al. Quantitative Estimation of the
Entry of Dioxins, Furans and Hexachlorobenzene into the Great
Lakes from Airborne and Waterborne Sources. Center for the
Biology of Natural Systems, Queens College, CUNY, Flushing, NY,
1995.

3 Ahlborg UG, Brouwer A, Fingerhut MA et al. Impact of
polycholorinated dibenzp-p-dioxins, dibenzofurans, and
biphenyls on human and environmental health, with special
emphasis on application of the toxic equivalency factor conctept.
Eur J Pharmacol 1992;228(4):179-99.

4 De Voogt P, Brinkman UAT. Pruduction, properties and usage of
polychlorinated biphenyls. In:Kimbrough RD, Jensen A editors.
Halogenated Biphenyls, Terphenyls, Naphtalenes, Dibenzodioxins
and Related Products. 2 ed. Amsterday:Elsevier, 1989:3-46.

5 De Voogt P, Brinkman UAT. Ibid.

6 Ahlborg UG, Brouwer A, Fingerhut MA et al. Ibid.

7 Agency for Toxic Substances and Disease Registry. Toxicological
Profile for Polychlorinated Biphenyls. Atlanta: ATSDR. 1997.

8 Eitzer BD, Hites RA. Atmospheric transport and deposition of
PCDDs and PCDFs. Environ Sci Toxicol 1989:23:1396-1401.

9 Abramowicz DA. 1995. Aerobic and anaerobic PCB
diodegradation in the environment. Environmental Health
Perspectives 103(S5):97-99.

10 Paustenbach DJ, Wenning RJ, Lau V et al. Recent
developments on the hazards posed by 2,3,7,8 tcdd in soil:
Implications for setting risk-based cleanup levels at residential
and industrial sites. J Toxicol Environ Health 37(2):103-150, 1991.
Cited in ATSDR Tox. Profile for Dioxin, 1997.

11 Wester, RC et al. Percutaneous absorption of PCBs from soil: In
vivo rhesus monkey, in vitro human skin, and binding to
powdered human stratum corneum. J Toxicol Environ Health
39(3):375-382.

12 Poiger H, Schlatter C, 1980. Influence of solvents and
adsorbents on dermal and intestinal absorption of TCDD. Food
Cosmet Toxicol 18:477-481.

13 Kimbrough RD, Falk H, Stehr P et al. Health implications of
2,3,7,8 TCDD contamination of residential soil. J Toxicol Environ
Health 77-85.

14 Furst P, Beck H, Theelen R. Assessment of human intake of
PCDDs and PCDFs from different environmental sources. Toxic
Substances Journal 1992:12; 133-150.

15 Patandin S, Dagnelie PC, Mulder PG et al. Dietary exposure to
PCBs and dioxins from infancy until adulthood: acomparison
between breast-feeding, toddler, and long-term exposure.
Environmental Health Perspectives 107(1) 1999.

PCBs: Inadequate Margins of Safety (Serum Levels)

1 Rice DC. Neurotoxicity produced by developmental exposure to
PCBs. Mental Retardation and Developmental Disabilities
Research Reviews 3:223-229, 1997.



G r e a t e r  B o s t o n  P h y s i c i a n s  f o r  S o c i a l  R e s p o n s i b i l i t y     9 7

C H A P T E R  6 :  K n o w n  a n d  S u s p e c t e d  D e v e l o p m e n t a l  N e u r o t o x i c a n t s

Footnotes to text

1 Lin-Fu JS. Vulnerability of children to lead exposure and toxicity.
N Engl J Med 289:1289-1293, 1973.

2 Pihl RO, Parkes M. Hair element content in learning disabled
children. Science 198:204-206, 1977.

3 Needleman ID, Sewell E, Shapiro I. Subclinical lead exposure in
Philadelphia school children:  identification by dentine lead
analysis. N Engl J Med 290:245-250, 1979.

4 Byers RK, Lord EE. Late effects of lead poisoning on mental
development. Amer J Dis Child 66:471-494, 1943.

5 Finkelstein Y, Markowitz M, Rosen J. Low-level lead-induced
neurotoxicity in children: an update on central nervous system
effects. Brain Res Brain Res Rev 27(2):168-176.

6 Needleman HL, Geiger SK, Frank R. Lead and IQ scores: a
reanalysis. Science 227:701-704, 1985.

7 Bellinger D, Leviton A, Waternaux C, et al. Longitudinal analysis
of prenatal and postnatal lead exposure and early cognitive
development. N Engl J Med 316:1037-1043, 1987.

8 Bellinger D, Leviton A, Allred E, Rabinowitz M. Pre- and
postnatal lead exposure and behavior problems in school-age
children. Environ Res 66:12-30, 1994.

9 Dietrich KN, Berger OG, Succop PA, et al. The developmental
consequences of low to moderate prenatal and postnatal lead
exposure:  intellectual attainment in the Cincinnati lead study
cohort following school entry. Neurotoxicol Teratol 15:37-44,
1993.

10 Tuthill RW. Hair lead levels related to children’s classroom
attention-deficit disorder. Arch Environ Health 51:214-220, 1996.

11Needleman HL, Schell A, Bellinger D, et al. The long-term
effects of exposure to low doses of lead in childhood. An 11-year
follow-up report. N Engl J Med 322(2):83-8, 1990.

12 Needleman HL, Reiss JA, Tobin MJ, et al. Bone lead levels and
delinquent behavior. JAMA 275:363-369, 1996.

13 Wasserman GA, Staghezza-Jaramillo B, Shrout P, et al. The
effect of lead exposure on behavior problems in preschool
children. Am J Public Health 88:481-486, 1998.

14 Rice D. Lead-induced changes in learning. Neurotoxicol
14:167-178, 1993.

15Rice DC. Developmental lead exposure:  neurobehavioral
consequences.  In Slikker W, Chang LW, Eds. Handbook of
Developmental Neurotoxicology, Academic Press, 1998.

16 Silbergeld EK. Mechanisms of lead neurotoxicity, or looking
beyond the lamppost.
FASEB J. 6(13):3201-6, 1992.

17 Lucchi L, Govoni S, Memo M, et al. Chronic lead exposure
alters dopaminergic mechanisms in rat pituitary Toxicol Lett
32:255-260, 1986.

18 Rossouw, Toxicol Appl Pharmacol 91:132-139, 1987.

19 US EPA. Mercury study report to Congress.  EPA-452/R-97-003.

20 Bornhausen M, Musch MR, Greim H. Operant behavior
performance changes in rats after prenatal methylmercury
exposure. Toxicol Appl Pharmacol 56:305-316, 1980.

21 Gunderson VM, Grant-Webster KS, Burbacher TM, et al. Visual
recognition memory deficits in methylmercury-exposed Macaca
fascicularis infants. Neurotoxicol Teratol 10(4):373-379, 1988.

22 Harada H. Congenital Minamata disease: intrauterine
methylmercury poisoning. Teratology 18:285-288, 1978.

23 Amin-Zaki L, Ehassani S, Majeed MA, et al. Perinatal
methylmercury poisoning in Iraq. Am J Dis Child 130, 1070-1076,
1976.

2 Hovinga ME, Sowers M, Humphrey HE. Environmental exposure
and lifestyle predictors of lead, cadmium, PCB, and DDT levels in
Great Lake fish eaters. Arch Environ Health, 48(2):98-104, 1993.

3 Hovinga ME, Ibid.

4 Laden F, Neas LM, Spiegelman D et al. Predictors of plasma
concentrations of DDE and PCBs in a group of US women. EHP
107(1):75-81, 1999.

5 Schwartz PM, Jacobson SW, Fein G et al. Lake Michigan fish
consumption as a source of PCBs in human cord serum, maternal
serum, and milk. Am J Public Health 73(3):293-6,1983.

6 Jacobson SW, Fein GG, Schwartz PM et al. Perinatal exposure to
an environmental toxin: A test of multiple effects model. Devel
Psych 20:523-532, 1984.

7 Jacobson SW, Fein GG, Jacobson JS et al. The effect of
intrauterine PCB exposure on visual recognition memory. Child
Dev 56:853-860, 1985.

8 Jacobson JS, Jacobson SW, Humphrey HEB. Effects of exposure
to PCBs and related compounds on growth and activity I children.
Neurotoxicol Teratol 12:319-326, 1990.

9 Jacobson JL, Jacobson SW, Humphrey HEB. Effects of in utero
exposure to PCBs and related contaminants on cognitive
functioning in young children. J Pediatr 116:38-45,1990.

10 Jacobson JL, Jacobson SW. Intellectual impairment in children
exposed to PCBs in utero. New England J Med 335:783-789, 1996.

11 Rogan WJ, Gladen BC, McKinney JD et al. PCBs and DDE in
human milk: effects of maternal factors and previous lactation.
Am J Public Health 1986 76(2):172-7,1986.

12 Jensen AA. PCBs, PCDDs and PCDFs in human milk, blood and
adipose tissue. Sci Total Environ 64(3):259-93,1987.

13 Rogan WJ, Gladen BC, McKinney JD et al. Neonatal effects of
transplacental exposures to PCBs and DDE. J Pediatr 109:335-341,
1986.

 14 Gladen BC, Rogan WJ. Effect of perinatal PCBs and
dichlorodiphenyl dichloroethene transplacentally and through
human milk. J Pediatr 113:991-995,1988.

15 Rogan WJ, Gladen BC. PCBs, DDE and childrens development
at 18 and 24 months. Ann Epidemiol 1:407-413, 1991.

16 Gladen BC, Rogan WJ. Effect of perinatal PCBs and DDE on
later development. J Pediatr 119:58-63,1991.

17 Dar E, Kanarek MS, Anderson HA, Sonzogni WC. Fish
consumption and reproductive outcomes in Green Bay, Wisconsin.
Environ Research 59(1):189-201, 1992.

18 Huisman M, Koopman-Esseboom C, Lanting CI et al.
Neurological condition in 18-month children perinatally exposed
to PCBs and dioxins. Early Human Dev 43(2):165-76, 1995.

19 Huisman M et al. 1995. Ibid.

20 Koopman-Esseboom C, Weisglas-Kuperus N, de Ridder MAJ et
al. Effects of PCB/dioxin exposure and feeding type on infants’
mental and psychomotor development. Pediatrics 96:700-706.

21 Koopman-Esseboom C et al. Ibid.

22 Huisman M, Koop-Esseboom C, Lanting CI et al, 1995, Ibid.



98   I N  H A R M ’ S  W A Y :   To x i c  T h r e a t s  t o  C h i l d  D e v e l o p m e n t

C H A P T E R  6 :  K n o w n  a n d  S u s p e c t e d  D e v e l o p m e n t a l  N e u r o t o x i c a n t s

24 Cox C, Clarkson TW, Marsh DO, et al. Dose-response analysis
of infants prenatally exposed to methyl mercury: an application
of single compartment model to single-strand hair analysis.
Environ Res 49:318-332, 1989.

25 Davidson PW, Myers GJ, Cox C, et al. Longitudinal
neurodevelopmental study of Seychellois children following in
utero exposure to methylmercury from maternal fish ingestion:
outcomes at 19 and 29 months. Neurotoxicol 116(4):677-688,
1995.

26 Davidson PW, Myers GJ, Cox C, et al. Effects of prenatal and
postnatal methylmercury exposure from fish consumption on
neurodevelopment:  outcomes at 66 months of age in the
Seychelles Child Development Study. JAMA 280(8):701-707, 1998.

27 Grandjean P, Weihe P, White R, et al. Cognitive deficit in 7-
year-old children with prenatal exposure to methylmercury.
Neurotoxicol Teratol 19(6):417-428, 1997.

28 Budtz-Jorgensen E, Keiding N, Grandjean P, White R, Weihe P.
Methylmercury neurotoxicity independent of PCB exposure.
Environ Health Perspect 107(5):A236-237, 1999.

29 Rice DC, Gilbert SG. Exposure to methylmercury from birth to
adulthood impairs high-frequency hearing in monkeys. Toxicol
Appl Pharmacol 115(1):6-10, 1992.

30 Rice DC, Gilbert SG. Effects of developmental exposure to
methylmercury on spatial and temporal visual function in
monkeys. Toxicol Appl Pharmacol 102(1):151-163, 1990.

31 Crump KS, Kjellstrom T, Shipp AM, et al. Influence of prenatal
mercury exposure upon scholastic and psychological test
performance: benchmark analysis of a New Zealand cohort. Risk
Anal 18(6):701-713, 1998.

32 US EPA. Mercury study report to congress. EPA-452/R-97-003,
1997.

33   44 Fed. Reg. 3,990, 3,992. 1979.

34 U.S. General Accounting Office. Reproductive and
developmental toxicants: regulatory actions provide uncertain
protections. GAO/PEMD-92-3, GAO/PEMD-92-3, p.58, 1991.

35 Institute of Medicine, Committee on Evaluation of the Safety
of Fishery Products, Food and Nutrition Board. Seafood safety.
Washington:  National Academy of Sciences; 1991

36 Atchison WD, Hare MF. Mechanisms of methylmercury-
induced neurotoxicity. FASEB J 8(9):622-629, 1994.

37 Sager PR. Selectivity of methylmercury effects on cytoskeleton
and mitotic progression in cultured cells. Toxicol Appl Pharm
94(3):473-486, 1988.

38 Sager PR, Matheson DW. Mechanisms of neurotoxicity related
to selective disruption of microtubules and intermediate
filaments. Toxicology 49(2-3):479-492, 1988.

39 Bemis JC, Seegal RF. Polychlorinated biphenyls and
methylmercury act synergistically to reduce rat brain dopamine
content in vitro. Environ Health Perspect 107(11):879-885, 1999.

40 Stewert P. PCBs/methylmercury: The Oswego study. Reported
at:  Children’s Health and the Environment: Mechanisms and
Consequences of Developmental Neurotoxicology. Little Rock,
AR, Oct 1999.

41 Greger JL, Davis CD, Suttie JW, Lyle BJ. Intake, serum
concentrations, and urinary excretion of manganese by adult
males. Amer J Clin Nutrition 51:457-461, 1990.

42 Dorner K, Dziadzka S, Hohn A, et al. Longitudinal manganese
and copper balances in young infants and preterm infants fed on
breast milok and adapted cow’s milk formula. Br J Nutrition
61(3):559-572, 1989.

43 Lonnerdal B. Nutritional aspects of soy formula. Acta Pediatr
Suppl 402:105-108, 1994.

44 Tjalve H, Henriksson J, Tallkvist J, et al. Uptake of manganese
and cadmium from the nasal mucosa into the central nervous
system via olfactory pathways in rats. Pharmacol Toxicol 79:347-
356, 1996.

45 Cotzias GC, Horiuchi K, Fuenzalida S, Mena I. Chronic
manganese poisoning:  clearance of tissue manganese
concentrations with persistence of the neurological picture.
Neurology 18:376-382, 1968.

46 Mena I. The role of manganese in human disease. Ann  Clin
Lab Sci 4(6):487-491, 1974.

47 Dorner K, Dziadzka S, Hohn A, et al.

48 Laskey JW, Rehnberg GL, Hein JF, Carter SD. Effects of chronic
manganese (Mn3O4) exposure on selected reproductive
parameters in rats. J Toxicol Environ Health 8:677-687, 1982.

49 Boyes WK, Miller DB. A review of rodent models of manganese
meurotoxicity. Neurotoxicol 19(3):468, 1998.

50 Mergler D, Huel G, Bowler R, et al. Nervous system dysfunction
among workers with long-term exposure to manganese. Environ
Res 64:151-180, 1994.

51 Iregren A. Using psychological tests for the early detection of
neurotoxic effects of low level manganese exposure. Neurotoxicol
15(3):671-678, 1994.

52 Collipp PJ, Chen SY, Maitinsky S. Manganese in infant formulas
and learning disability. Ann Nutri Metab 27:488-494, 1983.

53 Pihl RO, Parkes M. Hair element content in learning disabled
children. Science 198:204-206, 1977.

54 Crinella FM, Cordova EJ, Ericson JE. Manganese, aggression,
and attention-deficit hyperactivity disorder. Neurotoxicol
19(3):468-469, 1998.

55 Singh J, Husain R, Tandon SK, et al. Biochemical and
histopathological alterations in early manganese toxicity in rats.
Renviron Physiol Biochem 4:16-23, 1974.

56 Tagliaferro P, Ramos AJ, Lopez EM, et al. Comparative
neurotoxic effects of serotonin depletion in adult and neonatal
rat brain. Neurotoxicol 19(3):473, 1998.

57 Pahren HR, Lucas JB, Ryan JA, et al. Health risks associated
with land application of municpal sludge. J Water Pollut Control
Fed 51:1588-1598, 1979.

58 Babish JG, Stoewsand GS, Scarlett Krantz JM, et al. Toxicologic
studies associated with the agricultural use of municipal sewage
sludge and health effects among sewage treatment plant
workers. Reg Toxicol Pharmacol 4:305-321, 1984.

59 Agency for Toxic Substances and Disease Registry. Case Studies
in Environmental Medicine: Cadmium Toxicity, Atlanta, GA: U.S.
Department of Health and Human Services, ATSDR, June, 1990.

60 Hastings L, Miller ML. Developmental neurotoxicity of
cadmium. In: Slikker W, Chang LW, Eds. Handbook of
Developmental Neurotoxicology, Academic Press, 1998.

61 Baranski B, Stetkiewicz I, Sitarek K, Szymczak W.  Effects of
oral, subchronic cadmium exposure on fertility, prenatal and
postnatal progeny development in rats. Arch Toxicol 54:297-302,
1983.



G r e a t e r  B o s t o n  P h y s i c i a n s  f o r  S o c i a l  R e s p o n s i b i l i t y     9 9

C H A P T E R  6 :  K n o w n  a n d  S u s p e c t e d  D e v e l o p m e n t a l  N e u r o t o x i c a n t s

62 Baranski B. Effect of maternal cadmium exposure on postnatal
development and tissue cadmium, copper, and zinc
concentrations in rats.  Arch Toxicol 58:255-260, 1986.

63 Lehotzky K, Ungvary G, Polinak D, Kiss A.  Behavioral deficits
due to prenatal exposure to cadmium chloride in CFY rat pups.
Neurotoxicol Teratol 12:169-172, 1990.

64 Pelletier M, Satinder K. Low-level cadmium exposure increases
one-way avoidance in juvenile rats. Neurotoxicol Teratol 13:657-
662, 1991.

65 Pihl RO, Parkes M. Hair element content in learning disabled
children. Science 198:204-206, 1977.

66 Thatcher RW, Lester ML, McAlaster, Horst R. Effects of low
levels of cadmium and lead on cognitive functioning in children.
Arch Environ Health 37(3):159-166, 1982.

67 Bonithon-Kopp C, Huel G, Moreau T, Wendling R. Prenatal
exposure to lead and cadmium and psychomotor development of
the child at 6 years. Neurobehav Toxicol Teratol 8:307-310, 1986.

68 Hastings L, Miller ML. Developmental neurotoxicity of
cadmium. In: Slikker W, Chang LW, Eds. Handbook of
Developmental Neurotoxicology, Academic Press, 1998.

69 Butler NR, Goldstein H. Smoking in pregnancy and subsequent
child development. Br Med J 4:573-575, 1973.

70 Fung YK. Postnatal behavioural effects of maternal nicotine
exposure in rats. J Pharm Pharmacol 40:870-872, 1988.

71 Levin ED, Briggs SJ, Christopher NC, Rose JE. Prenatal nicotine
exposure and cognitive performance in rats  Neurotoxicol Teratol
15:251-260, 1993.

72 Levin ED, Wilkerson A, Jones JP, et al. Prenatal nicotine effects
on memory in rats:  pharmacological and behavioral challenges.
Dev Brain Res 97:207-215, 1996.

73 Hardy JB, Mellits ED. Does maternal smoking during
pregnancy have a long-term effect on the child?  Lancet 2:1332-
1336, 1972.

74 Butler NR, Goldstein H. Smoking in pregnancy and subsequent
child development. Br Med J 4:573-575, 1973.

75 Naeye RL, Peters NC. Mental development of children whose
mothers smoked during pregnancy. Obstet Gynecol 64:601-607,
1984.

76 Sexton M, Fox NL, Hebel JR. Prenatal exposure to tobacco. II:
Effects on cognitive functioning at age three. Int J Epidemiol
19:72-77, 1990.

77 Picone TA, Allen LH, Olsen PN, Ferris ME. Pregnancy outcome
in North American women. II. Effects of diet, cigarette smoking,
stress, and weight gain on placentas, and on neonatal physical
and behavioral characteristics. Am J Clin Nutr 36(6):1214-1224,
1982.

78 Butler NR, Goldstein H. Smoking in pregnancy and subsequent
child development. Br Med J 4(892):573-575, 1973.

79 Fogelman KR, Manor O. Smoking in pregnancy and
development into early adulthood. Brit Med J 297(6658):1233-
1236, 1988.

80 Eskenazi B, Castorina R. Association of prenatal maternal or
postnatal child environmental tobacco smoke exposure and
neurodevelopmental and behavioral problems in children.
Environ Health Perspect 107:991-1000, 1999.

81 Makin J, Fried PA, Watkinson B. A comparison of active and
passive smoking during pregnancy: long-term effects.
Neurotoxicol Teratol 13(1):5-12, 1991.

82 Gospe SM, Zhou SS, Pinkerton KE. Effects of environmental
tobacco smoke exposure in utero and/or postnatally on brain
development. Pediatr Res 39:494-498, 1996.

83 Slotkin TA, Orband-Miller L, Queen KL. Development of
[3H]nicotine binding sites in brain regions of rats exposed to
nicotine prenatally via maternal injections or infusions. J
Pharmacol Exp Ther 242:232-237, 1987.

84 Navarro HA, Seidler FJ, Whitmore WL, Slotkin TA. Prenatal
exposure to nicotine via maternal infusions:  effects on
development of catecholamine system. J Pharmacol Exp Ther
244:940-944, 1988.

85 McFarland BJ, Seidler FJ, Slotkin TA. Inhibition of DNA
synthesis in neonatal rat brain regions caused by acute nicotine
administration. Brain Res Dev Brain Res 58(2):223-229, 1991.

86 Schantz SL, Bowman RE. Learning in monkeys exposed
perinatally to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).
Neurotoxicol Teratol 11(1):13-19, 1989.

87 Rice DC, Hayward S. Effects of postnatal exposure to a PCB
mixture in monkeys on nonspatial discrimination reversal and
delayed alternation performance. Neurotoxicol 18(2):479-494,
1997.

88 Rice DC. Behavioral impairment produced by low-level
postnatal PCB exposure in monkeys. Environ Res Sect A 80:S113-
121, 1999.

89 Bowman RE, Heironimus MP, Barsotti DA. Locomotor
hyperactivity in PCB-exposed rhesus monkeys. Neurotoxicol 2:251-
268, 1981.

90 Levin ED, Schantz SL, Bowman
RE. Delayed spatial alteration
deficits resulting from perinatal
PCB exposure of monkeys  Arch
Toxicol 62:267-273, 1988.

91 Holene E, Nafstad I, Skaare
JU, et al. Behavioral effects of
pre- and postnatal exposure to
individual polychlorinated
biphenyl congeners in rats.
Environ Toxicol Chem 14(6):967-
976, 1995.

92 Lilienthal H, Winneke G. Sensitive periods for behavioral
toxicity of polychlorinated biphenyls: Determination by cross-
fostering in rats. Fundament Appl Toxicol 17:368-375, 1991.

93 Rogan WJ, Gladen BC, Hung KL, et al. Congenital poisoning
by polychlorinated biphenyls ands their contaminants in Taiwan.
Science 241:334-338, 1988.

94 Chen YC, Guo YL, Hsu CC, Rogan WJ. Cognitive development
of Yu-Cheng (“oil disease”) children prenatally exposed to heat-
degraded PCBs. JAMA 268(22):3213-3218, 1992.

95 Jacobson JL, Jacobson SW. Effects of in utero exposure to PCBs
and related contaminants on cognitive functioning in young
children. J Pediatr 116(1):38-45, 1990.

96 Jacobson JL, Jacobson SW. Intellectual impairment in children
exposed to polychlorinated biphenyls in utero. N Engl J Med
335:783-789, 1996.

97 Gladen BC, Rogan WJ. Effects of perinatal polychlorinated
biphenyls and dichlorodiphenyl dichloroethene on later
development. J Pediatr 119:58-63, 1991.

98 Lonky E, Reihman J, Darvill T, et al. Neonatal behavioral
assessment scale performance in humans influenced by maternal
consumption of environmentally contaminated Lake Ontario fish.
J Great Lakes Res 22(2):198-212, 1996.

99 Stewart P. PCB’s/methylmercury: the Oswego study. Abstract:
Children’s Health and the Environment: Mechanisms and
Consequences of Developmental Neurotoxicology. Little Rock AR,
Oct 1999.



100   I N  H A R M ’ S  W AY :   T o x i c  T h r e a t s  t o  C h i l d  D e v e l o p m e n t

C H A P T E R  6 :  K n o w n  a n d  S u s p e c t e d  D e v e l o p m e n t a l  N e u r o t o x i c a n t s

100 Patandin S, Lanting CI, Mulder PG, et al. Effects of
environmental exposure to polychlorinated biphenyls and dioxins
on cognitive abilities in Dutch children at 42 months of age. J
Pediatr 134(1):33-41, 1999.

101 Koopman-Esseboom C, Morse DC, Weisglas-Kuperus N, et al.
Effects of dioxins and polychlorinated biphenyls on thyroid status
of pregnant women and their infants. Pediatr Res 36(4):468-473,
1994.

102 Sewall CH, Flagler N, Vanden Heuvel JP, et al. Alterations in
thyroid function in female Sprague-Dawley rats following chronic
treatment with 2,3,7,8-tetrachlorodibenzo-p-dioxin. Toxicol Appl
Pharmacol 132(2):237-244, 1995.

103 Zoeller RT. Effects of developmental exposure to PCBs on
thyroid hormone action in the developing brain are not
consistent with effects on circulating thyroid hormone. Abstract:
Children’s Health and the Environment: Mechanisms and
Consequences of Developmental Neurotoxicology. Little Rock AR,
Oct 1999.

104 Zoeller RT, Dowling A, Vas A.  Developmental exposure to
polychlorinated biphenyls exerts thyroid hormone-like effects on
the expression of RC3/neurogranin and myelin basic protein
messenger ribonucleic acids in the developing rat brain.
Endocrinol 141:181-189, 2000.

105 Tilson HA. Neurochemical effects of PCBs – an overview.
Neurotoxicol 18(3):727-744, 1997.

106 Seegal RF, Brosch KO, Okoniewski RJ. Effects of in utero and
lactational exposure of the laboratory rat to 2,4,2',4' – and
3,4,3',4'-tetrachlorobiphenyl on dopamine function. Toxicol Appl
Pharmacol 146(1):95-103, 1997.

107 Ahlbom J, Fredriksson A, Eriksson P. Exposure to an
organophosphate (DFP) during a defined period in neonatal life
indusces permanent changes in brain muscarinic receptors and
behaviour in adult mice. Brain Res 677:13-19, 1995.

108 Chanda SM, Pope CN. Neurochemical and neurobehavioral
effects of repeated gestational exposure to chlorpyrifos in
maternal and developing rats. Pharmacol Biochem Behav
53(4):771-776, 1996.

109 US EPA. A retrospective analysis of twelve developmental
neurotoxicity studies submitted to the US EPA OPPTS. Nov 1998.

110 Spyker JM, Avery DL. Neurobehavioral effects of prenatal
exposure to the organophosphate diazinon in mice. J Toxicol
Environ Health 3(5-6):989-1002, 1977.

111 Eriksson P, Ahlbom J, Fredriksson A. Exposure to DDT during
a defined period in neonatal life induces permanent changes in
brain muscarinic receptors and behaviour in adult mice. Brain Res
582(2):277-281, 1992.

112 Guillette EA, Meza MM, Aquilar MG, Soto AD, Enedina I. An
anthropological approach to the evaluation of preschool children
exposed to pesticides in Mexico. Environ Health Perspect 106:347-
353, 1998.

113 Eriksson P, Fredriksson A. Neurotoxic effects of two different
pyrethroids, bioallethrin and deltamethrin, on immature and
adult mice:  changes in behavioural and muscarinic receptor
variables. Toxicol Appl Pharmacol 108:78-85, 1991.

114 Malaviya M, Husain R, Seth PK, Husain R. Perinatal effects of
two pyrethroid insecticides on brain neurotransmitter function in
the neonatal rat. Vet Hum Toxicol 35(2):199-122, 1993.

115 Bigbee J, Sharma K, Gupta J, Dupree J. Morphogenic role for
acetylcholinesterase in axonal outgrowth during neural
development.  Environ Health Perspect 107(suppl 1):81-87, 1999.

116 Slotkin TA. Developmental cholinotoxicants:  nicotine and
chlorpyrifos. Environ Health Perspect 107(suppl 1):71-80, 1999.

117 Campbell CG, Seidler FJ, Slotkin TA. Chlorpyrifos interferes
with cell development in rat brain regions. Brain Res Bull 43:179-
189, 1998.

118 Whitney KD, Seidler FJ, Slotkin TA. Developmental
neurotoxicity of chlorpyrifos: cellular mechanisms. Toxicol Appl
Pharmacol 13:53-62, 1995.

119 Gurunathan S, Robson M, Freeman N, Buckley B, et al.
Accumulation of chlorpyrifos on residential surfaces and toys
accessible to children. Environ Health Perspect 106:9-16, 1998.

120 Jones KL, Smith DW, Ulleland CN, Streissgut AP. Pattern of
malformation in offspring of chronic alcoholic women. Lancet
I:1267-1271, 1973

121 Institute of Medicine of the National Academy of Sciences
Committee to Study Fetal Alcohol Syndrome. Diagnosis and
Clinical Evaluation of Fetal Alcohol Syndrome. In Stratton D, Howe
C, Battaglia F, Eds. Fetal Alcohol Syndrome,  National Academy
Press, 1996.

122 Sulik KK, Johnston MC, Webb MA. Fetal alcohol syndrome:
embryogenesis in a mouse model. Science 214:936-938, 1981.

123 West JR, Hamre KM. Effects of alcohol exposure during
different periods of development: changes in hippocampal mossy
fibers. Dev Brain Res 17:280-284, 1985.

124 Nulman I, O’Haydon B, Gladstone J, Koren G. The effects of
alcohol in the fetal brain. In Slikker W, Chang LW, Eds. Handbook
of Developmental Neurotoxicology, Academic Press, 1998.

125 Jacobson JL, Jacobson SW, Sokol RJ, Ager JW. Relation of
maternal age and pattern of pregnancy drinking to functionally
significant cognitive deficit in infancy. Alcohol Clin Exp Res
22(2):345-351, 1998.

126 Nulman I, O’Haydon B, Gladstone J, Koren G. The effects of
alcohol in the fetal brain. In Slikker W, Chang LW, Eds. Handbook
of Developmental Neurotoxicology, Academic Press, 1998.

127 Streissguth AP, Aase IM, Clarren SK, et al. Fetal alcohol
syndrome in adolescents and adults. JAMA 265:1961-1967, 1991.

128 Streissguth AP, Dehaene P. Fetal alcohol syndrome in twins of
alcoholic mothers: concordance of diagnosis and IQ. Am J Med
Geneet 47(6):857-861, 1993.

129 Rutledge JC. Genetic factors in clinical developmental
toxicology. In: Developmental Toxicology, second edition.  Eds:
Kimmel C, Buelke-Sam J. Raven Press, New York, 1994.

130 Volk B, Maletz M, Tiedemann M, et al. Impaired maturation
of Purkinje cells in the fetal alcohol syndrome of the rat. Acta
Neuropathol 54:19-29, 1981.

131 Diaz J, Samson HH. Impaired brain growth in neonatal rats
exposed to ethanol. Science 208:751-753, 1980.

132 Ramanthan R, Wilkemeyer MF, Mittal B, et al. Alcohol inhibits
cell-cell adhesion mediated by human L1. J Cell Biol 133AY:381-
390, 1996.

133 Yang HY, Shum AYC, Ng HT, et al. Effect of ethanol on human
umbilical artery and vein in vitro. Gyn Obstet Invest 21:131-135, 1986.



G r e a t e r  B o s t o n  P h y s i c i a n s  f o r  S o c i a l  R e s p o n s i b i l i t y     1 0 1

C H A P T E R  6 :  K n o w n  a n d  S u s p e c t e d  D e v e l o p m e n t a l  N e u r o t o x i c a n t s

134 Broun S. New experiments underscore warnings on maternal
drinking. Science 273:738-739, 1996.

135 Snyder R, Andrews LS. Toxic effects of solvents and vapors. In:
Casarett and Doull’s Toxicology: The basic science of poisons. 5th
edition. Ed: Klaassen CD. McGraw-Hill, New York, 1996.

136 Schettler T, Solomon G, Valenti M, Huddle A. Organic
solvents. In:Generations at risk:  Reproductive health and the
environment. Cambridge, MA, MIT Press, 1999.

137 Eskenazi B, Gaylord L, Bracken MB, Brown D. In utero
exposure to organic solvents and human neurodevelopment.
Devel Med Child Neurol 30:492-501, 1988.

138 Jones HE, Balster RL. Inhalant abuse in pregnancy. Obstet
Gynecol Clin North Am 25(1):153-167, 1998.

139 Pearson M, Hoyme H, Seaver L, Rimsza M.  Toluene
embryopathy: delineation of the phenotype and comparison with
fetal alcohol syndrome. Pediatrics 93(2):211-215, 1994.

140 Jones HE, Balster RL. Neurobehavioral consequences of
intermittant prenatal exposure to high concentrations of toluene.
Neurotoxicol Teratol 19(4):305-313, 1997.

141 Hougaard KS, Hass U, Lund SP, Simonsen L. Effects of
prenatal exposure to toluene on postnatal development and
behavior in rats. Neurotoxicol Teratol 21(3):241-250, 1999.

142 Kostas J, Hotchkin J. Behavioral effects of low-level perinatal
exposure to toluene in mice. Neurobehav Toxicol Teratol 3(4):467-
469, 1981.

143 Taylor DH, Lagory KE, Zaccaro DJ, et al. Effect of
trichloroethylene on the exploratory and locomotor activity of
rats exposed during development. Sci Total Environ 47:415-420,
1985.

144 Dorfmueller MA, Henne S, York R, et al. Evaluation of
teratogenicity and behavioral toxicity with inhalation exposure of
maternal rats to trichloroethylene. Toxicology 14(2):153-166,
1979.

145 Hass U, Lund SP, Simonsen L, Fries AS. Effects of prenatal
exposure to xylene on postnatal development and behavior in
rats. Neurotoxicol Teratol 17(3):341-349, 1995.

146 Mirkova E, Zaikov C, Mikhailova A, et al. Prenatal toxicity of
xylene. J Hyg Epidemiol Immunol 27(3):337-343, 1983.

147 Shigeta S, Miyake K, Aikawa H, Misawa T. Effects of postnatal
low-levels of exposure to styrene on behavior and development in
rats. J Toxicol Sci 14(4):279-286, 1989.

148 Khanna VK, Husain R, Hanig JP, et al. Increased
neurobehavioral toxicity of styrene in protein malnourished rats.
Neurotoxicol Teratol 13:153-159, 1991.

149 Hileman B. Fluoridation of water. Chem Eng News 66:26-42,
1988.

150 Connett P. Fluoride: a statement of concern. Waste Not #459.
Canton NY.

151 CDC. Fluoridation of drinking water to prevent dental caries.
MMWR 48:986-993, 1999.

152 Mullenix PJ, Denbesten PK, Schunior A, Kernan W.
Neurotoxicity of sodium fluoride in rats. Neurotoxicol Teratol
17(2):169-177, 1995.

153 Ross J, Daston G. Letter to the editor. Neurotoxicol Teratol
17(6):685-686, 1995.

154 Mullenix P, Denbesten P, Schunior A, Kernan W. Reply.
Neurotoxicol Teratol 17(6):687-688, 1995.

155 Zhao XL, Wu JH. Actions of
sodium fluoride on
acetylcholinesterase activities in rats.
Biomed Environ Sci 11(1):1-6, 1998.

156 Zhao LB Liang GH, Zhang DN, et
al. Effect of a high fluoride water
supply on children’s intelligence.
Fluoride 29(4):190-192, 1996.

157 Li XS, Zhi JL, Gao RO, Effect of
fluoride exposure on intelligence in
children.  Fluoride 28(4):189-192,
1995.

158 Olney JW. Excitotoxic food
additives: functional teratologic aspects. Prog Brain Res 73:283-
294, 1988.

159 Olney JW. Excitotoxins in food. Neurotoxicol 15(3):535-544,
1994.

160 Kimmel CA, Buelke-Sam J (eds). Developmental Toxicology.
2nd ed. New York: Raven Press, 1994.

161 Nemeroff CB, Lamartiniere CA, Mason GA, et al. Marked
reduction in gonadal steroid hormone levels in rats treated
neonatally with monosodium L-glutamate: further evidence for
disruption of hypothalamic-pituitary-gonadal axis regulation.
Neuroendocrin 33(5):265-267, 1981.

162 Fernstrom JD. Dietary amino acids and brain function. J Am
Diet Assoc 94(1):71-77, 1994.

163 Walker R. The significance of excursions above the ADI. Case
study: monosodium glutamate. Regul Toxicol Pharmacol 30(2 pt
2):S119-121, 1999.

164 Fernstrom JD. Dietary amino acids and brain function. J Am
Diet Assoc 94(1):71-77, 1994.

165 Olney JW. Excitotoxins in food. Neurotoxicol 15(3):535-544,
1994.

166 Brunner R, Vorhees C, Kinney L, Butcher R. Aspartame:
assessment of developmental psychotoxicity of a new artificial
sweetener. Neurobehav Toxicol 1(1):79-86, 1979.

167 Feingold BF. Why your child is hyperactive. New York:
Random House, 1975.

168 Jacobson MF, Schardt D. Diet, ADHS, behavior: A quarter
century review. Center for Science in the Public Interest.
Washington DC, 2000. http://www.cspinet.org/new/
adhd_resch_bk02.pdf



102   I N  H A R M ’ S  W AY :   T o x i c  T h r e a t s  t o  C h i l d  D e v e l o p m e n t

C H A P T E R  6 :  K n o w n  a n d  S u s p e c t e d  D e v e l o p m e n t a l  N e u r o t o x i c a n t s


