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Foreword

Extraordinary developmentsin the neuroscience in recent years have been paralleled by
a growing congressional interest in their policy implications. The designation of the 1990s by
the 101st Congress as the “Decade of the Brain” is one indication of the promise shown by
scientific advances for treating diseases of the nervous system and for increased general
understanding of the human mind. Other advances, however, have led us to the disturbing
realization that many commonly used chemicals can adversely affect the human nervous
system. Concern about this issue provided the motivation for hearings held in October 1985
on ‘*Neurotoxins in the Home and in the Workplace' by the Subcommittee on Investigations
and Oversight of the House Committee on Science and Technology.

Another result of heightened congressional interest was a request that OTA undertake a
series of assessments on major public policy issues related to the neuroscience. Requesting
committees included the House Committees on Science, Space, and Technology; Energy and
Commerce; Appropriations; and Veterans' Affairs;, and the Senate Subcommittee on Science,
Technology, and Space of the Committee on Commerce, Science, and Transportation. In
addition, the Senate Committee on Environment and Public Works recently requested a study
of the noncancer health risks posed by toxic substances. This Report, the first of the
neuroscience series, discusses the risks posed by neurotoxic substances—substances that can
adversely affect the nervous system—and evaluates the Federal research and regulatory
programs now in place to address these risks.

One finding of this Report is that considerably more research and testing are necessary
to determine which substances have neurotoxic potential. Neurotoxic effects can often go
unrecognized because symptoms are varied and may not appear for months or even years.
Adverse effects range from impaired movement, anxiety, and confusion to memory |oss,
convulsions, and death. Another important finding is the need for greater public awareness.
Neurotoxic chemicals constitute a major public health threat; the social and economic
consequences of excessive exposure to them are potentially very large. Minimizing exposure
requires action not just by regulatory and other public officials, but also by individua citizens
who can take steps to avoid these substances both at home and in the workplace.

Many individuals and institutions contributed their time and expertise to the project.
Scientists and regulatory officials in several Federal agencies and experts in academia and
industry served on the project’s advisory panel, in workshop groups, and as reviewers. OTA
gratefully acknowledges the assistance of these contributors. As with all OTA assessments,
however, responsibility for the content of the Report is OTA’s alone and does not necessarily
constitute the consensus or endorsement of the advisory panel or the Technology Assessment
Board.
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Director
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Chapter 1

Summary, Policy Issues, and Options for Congressional Action

SUMMARY

Chemicals are an integral part of our daily
lives and are responsible for substantially im-
proving them. Chemicals can also endanger our
health, even our survival. This assessment
focuses on neurotoxic substances, those chemi-
cals that adversely affect the nervous system.
Included among such substances are industrial
chemicals, pesticides, therapeutic drugs, abused
drugs, food, food additives, cosmetic ingre-
dients, and naturally occurring substances. Whether
a substance causes an adverse health effect
depends on many factors, including the toxicity
of the substance, the extent of exposure, and the
age and state of health of an exposed individual.
Minimizing public health risks requires infor-
mation about the properties and mechanisms of
action of potentially toxic substances to which
humans may be exposed. This information
provides the foundation for safety standards.

More than 65,000 chemicals are in the U.S.
Environmental Protection Agency’s (EPA) inven-
tory of toxic chemicals, and the Agency annu-
aly receives approximately 1,500 notices of
intent to manufacture new substances. Since few
of these chemicals have been tested to determine
if they adversely affect the nervous system, no
precise figures are available on the total number
of chemicals in existence that are potentially
neurotoxic to humans. Some estimates have
been developed, however, based on analyses of
certain subsets of chemicals. These estimates
vary considerably, depending on the definition
of neurotoxicity used and the subset of sub-
stances examined. For example, some 600
active pesticide ingredients are registered with
EPA, a large percentage of which are neurotoxic
to varying degrees. One investigator estimated
that 3 to 5 percent of industrial chemicals,
excluding pesticides, have neurotoxic potential.
Another investigator found that 28 percent of
industrial chemicals for which occupational
exposure standards have aready been devel-

oped produce neurotoxic effects. In addition, a

substantial number of therapeutic drugs have
neurotoxic potential.

In recent years, concern about the neurotoxic
effects of chemicals has increased as evidence
has become available linking exposure to chem-
icals and drugs with long-term changes in the
nervous system. Some scientists believe that
neurotoxic substances play a role in triggering
some neurological disorders, including Parkin-
son’s disease, Alzheimer’s disease, and amyotro-
phic latera sclerosis. For example, investigators
recently found evidence that the incidence of
motor neuron disease (primarily amyotrophic
lateral sclerosis) is increasing particularly in the
elderly (figure 1-1 ). Exposure to toxic chemicals
may be one of the factors contributing to this
increase. More research is necessary to confirm
this trend and to determine the underlying
causative factors.

Human exposure to significant concentra-
tions of most known neurotoxic substances is
normally quite limited. Consequently, the num-
ber of substances that pose an actua threat to
public health is considerably less than the total

Figure I-l—Average Annual Motor Neuron Disease*
Mortality in the United States, White Males

" Rate per 100,000 population
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<« 40 40-4445-4950-5455-59 60-6465-6970-7475-79 80-84 85«
Age
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“Most motor neuron disease is diagnosed as amyotrophic lateral sclerosis
(ALS) or Lou Gehrig's disease.

SOURCE: Adapted from D.E. Lilienfeld, et al., “Rising Mortality From

Motoneuron Disease in the U. S., 1962-1884," The Lancet, Apr.
1, 1989, pp. 710-713.
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number of neurotoxic substances in existence.
Thenumber of substancesthat pose a signifi-
cant risk to public health and the extent of
that risk are unknown because the potential
neurotoxicity of only a small number of
chemicals has been evaluated adequately.

Scope of This Study

This study examines many, but not all, of the
classes of neurotoxic substances. The assess-
ment includes discussion of industrial chemi-
cals, pesticides, therapeutic drugs, substance
drugs, foods, food additives, cosmetic ingre-
dients, and such naturally occurring sub-
stances as lead and mercury. It does not
include radioactive chemicals, nicotine (from
cigarette smoke), alcohol (ethanol), biological
and chemica warfare agents, microbial, plant,
and animal toxins, and physical agents such as
noise.

What |'s Neurotoxicity?

The nervous system comprises the brain, the
spinal cord, and a vast array of nerves and
sensory organs that control major body func-
tions. Movement, thought, vision, hearing,
speech, heart function, respiration, and numer-
ous other physiological processes are controlled
by this complex network of nerve processes,
transmitters, hormones, receptors, and channels
(figure 1-2).

Every maor body system can be adversely
affected by toxic substances, but the nervous
system is particularly vulnerable (see box I-A).
Many toxic substances can alter the normal
activity of the nervous system. Some produce
effects that occur almost immediately and last
for several hours. Examples include an alcoholic
beverage or fumes from a can of paint. The
effects of other neurotoxic substances may
appear only after repeated exposures over weeks
or even years. eg., regularly breathing the

2 "\—
=

Photo credit: W Eugene Smith and Aileen Smith

A child victimized by mercury poisoning during the Minamata Bay, Japan, incident in the 1950s is bathed by his mother.
This is one of the most dramatic poisoning incidents involving a neurotoxic substance.
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Figure 1-2—The Fundamental Structure of the Nerve Cell
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SOURCE: Office of Technology Assessment, 1990. o

Box |-A—Vulnerability of the Nervous System to Toxic Substances

The nervous system is particularly vulnerable to toxic substances because:

. Unlike other cells that make up the body, nerve cells, or neurons, normally cannot regenerate once
lost—toxic damage to the brain or spinal cord, therefore, is usualy permanent.

« Nerve cell loss and other regressive changes in the nervous system occur progressively in the second half
of life—toxic damage may therefore progress with aging.

« Certain regions of the brain and nerves are directly exposed to chemicalsin the blood, and many neurotoxic
chemicals cross the blood-brain barrier with ease.

« The peculiar architectural features of nerve cells, with their long processes, provide a vast surface area for
chemical attack and are therefore inherently susceptible to chemical interference,

« The dependence of the nervous system on a delicate electrochemical balance for proper communication of
information throughout the body provides numerous opportunities for foreign chemicals to interfere with
normal function.

« Even minor changes in the structure or function of the nervous system may have profound consegquences
for neurological, behavioral, and related body functions.

SOURCE: P.S. Spencer, personal communication, 1989.
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fumes of a solvent in the workplace or eating
food or drinking water contaminated with lead.
Some substances can permanently damage the
nervous system after a single exposure-certain
organophosphorous pesticides and metal com-
pounds such as trimethyl tin are examples (box
[-B). Other substances, including abused drugs
such as heroin and cocaine, may lead to
addiction, a long-term adverse alteration of
nervous system function. Many neurotoxic sub-
stances can cause death when absorbed, inhaled,
or ingested in sufficiently large quantities.
Neurotoxic substances play a significant causal
rolein the development of some neurological
and psychiatric disorders, however the pre-
cise extent of the contribution is unclear.

Care must be taken in labeling a substance
neurotoxic because factors such as dose and

intended effects must be taken into considera-
tion. A substance may be safe and beneficial at
one concentration, but neurotoxic at another.
For example, vitamins A and B, are required in
the diet in trace amounts, yet both cause
neurotoxic effects in large doses. In other cases,
a substance that is known to be neurotoxic may
confer benefits that are viewed as outweighing
the risk of adverse side-effects. For example,
thousands of individuals suffering from schizo-
phrenia have been able to live relatively normal
lives because of the beneficia effects of antipsy -
chotic drugs. However, chronic use of pre-
scribed doses of some of these drugs may give
rise to tardive dyskinesia—involuntary move-
ments of the face, tongue, and limbs—side-
effects so severe that they may incapacitate a
patient.

Box 1-B—MPTP and Parkinson’s Disease

In recent years, the hypothesis that Parkinson’s disease and other neurological disorders might be triggered by
environmental factors has become more widely accepted. Although toxic substances have long been considered
possible contributors to the cause of some disorders of the nervous system, the MPTP incident has focused more
attention on this environmental hypothesis.

MPTP is the abbreviation for I-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, a compound that can be created
during the production of synthetic heroin. Remarkably, in just 5 to 15 days, this highly neurotoxic substance can
induce a syndrome virtually identical to Parkinson’s disease—a disease that usualy occurs late in life and develops
slowly over a period of years. Both Parkinson’s disease and the MPTP-induced syndrome are characterized by
tremors and lack of muscular control that stem from degeneration of neuronsin the substantial nigra, aregion deep
in the central area of the brain. Neurons in the substantial nigra synthesize and secrete the neurotransmitter dopamine,
hence Parkinson’s patients are treated with levodopa, a precursor of this neurotransmitter.

The discovery of the link between MPTP and Parkinson’s disease has dramatically changed the nature of
research on this disease. Much work has focused on MPP', a metabolize of MPTP that is responsible for the adverse
effects on the brain. Recently, researchers discovered that a monoamine oxidase inhibitor, a type of drug sometimes
used to treat depression, blocks the conversion of MPTP to MPP". Other researchers have shown that the
monoamine oxidase inhibitor Deprenyl, administered to Parkinson’s patients in combination with levodopa,
reduces the symptoms of the disease and extends their lives. It was found that Deprenyl slows the rate of
degeneration of neurons in the substantial nigra, perhaps making it useful in the treatment of Parkinson’s disease.

The MPTP story illustrates how a neurotoxic substance might cause or contribute to the development of
neurodegenerative diseases such as Parkinson's disease, Alzheimer's disease, and amyotrophic lateral sclerosis. The
relative contributions of environmental and genetic factors to the causes of these diseases are not understood and
are the subject of considerable research and debate within the scientific community. Although the extent to which
a neurotoxic substance contributes to the cause of Parkinson’s disease is unclear, the MPTP story serves as an
example of how neurotoxicological research can lead to abetter understanding of the causes of neurological disease
and ways to treat it.

SOURCES: L1. Kopin and S.P. Markey, ‘‘MPTP Toxicity: Implications for Research in Parkinson’s Disease,’ Annual Review of Neuroscience
11:81-96, 1988; J.W. Langston, P. Ballard, J.W. Tetrud, et a., “Chronic Parkinsonism in Humans Due to a Product of
Meperidine-Analog Synthesis,” Science 219:979-980, 1983; R. Lewin, “Big First Scored With Nerve Diseases,” Science
245:467-468, 1989.
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Broadly defined, a substance is considered to
have neurotoxic potential if it adversely affects
any of the structural or functional components of
the nervous system. At the molecular level, a
substance might interfere with protein synthesis
in certain nerve cells, leading to reduced produc-
tion of a neurotransmitter and brain dysfunction.
At the cellular level, a substance might alter the
flow of ions (charged molecules, e.g., sodium
and potassium) across the cell membrane, thereby
perturbing the transmission of information be-
tween nerve cells. Substances that adversely
affect sensory or motor function, disrupt learn-
ing and memory processes, or cause detrimental
behavioral effects are neurotoxic, even if the
underlying molecular and cellular effects on the
nervous system have not been identified. Expo-
sure of children to lead, for example, leads to
deficits in 1.Q. and poor academic achievement;
however, the mechanisms by which this occurs
are not understood. In addition, researchers
recently found evidence that phenobarbital, a
drug prescribed to children to prevent seizures
associated with fevers, reduces intellectual abil-
ity. But as is the case for lead, the underlying
mechanism is unknown.

For the purposes of this study, the Office of
Technology Assessment (OTA) defines neurotoxic-
ity or a neurotoxic effect as an adver se change
in the structure or function of the nervous
system following exposure to a chemical
agent. This is the definition currently used by
EPA. However, as the preceding discussion
illustrates, this definition should be used in
conjunction with information on the in-
tended use of the substance, the degree of
toxicity, and the dose or extent of exposur e of
humans or other organisms. The definition
hinges on interpretation of the word " ad-
verse” and there is disagreement among
scientists as to what constitutes “adverse
change.” Determining whether a particular
neurological or behavioral effect is adverse
requires a comprehensive analysis of all
available data. Although certain effects are

clearly adverse (e.g., hallucinations, convul-
sions, loss of memory, permanent neurol ogical
damage, death) others are more difficult to
define (e.g., temporary drowsiness, a brief
headache). The circumstances of exposure and
a variety of other factors must be taken into
account in borderline cases. For example, drows-
iness in the evening at home may be of little
consequence, but drowsiness during the day
while operating machinery in the workplace
may be detrimental or even life-threatening.
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Who Is At Risk?

Everyone is at risk of being adversely affected
by neurotoxic substances, but individuals in
certain age groups, states of health, and occupa-
tions face a greater probability of adverse
effects. Fetuses, children, the elderly, work-
ers in occupations involving exposure to
relatively high levels of toxic chemicals, and
per sons who abuse drugs are among those in
high-risk groups.

The developing nervous system is particu-
larly vulnerable to some neurotoxic substances,
for several reasons. It is actively growing and
establishing cellular networks, the blood-brain
barrier that protects much of the adult brain and
spinal cord from some toxic substances has not
been completely formed, and detoxification
systems are not completely developed. Lead is
a potent neurotoxic substance that is particularly
harmful to children (box I-C). Toxic substances
can contribute to neuropsychiatric disorders in
children. The National Academy of Sciences

recently reported that 12 percent of the 63
million children under the age of 18 in the
United States suffer from one or more mental
disorders, and it identified exposure to toxic
substances before or after birth as one of the
several risk factors that appear to make certain
children vulnerable to these disorders.

The elderly are more susceptible to certain
neurotoxic substances because decline in the
structure and function of the nervous system
with age limits its ability to respond to or
compensate for toxic effects. In addition, de-
creased liver and kidney function increases
susceptibility to toxic substances. Aging may
also revea adverse effects masked at a younger
age. Persons who are chronically ill, especially
those suffering from neurological or psychiatric
disorders, are at risk because neurotoxic sub-
stances may exacerbate existing problems. Also,
many elderly Americans take multiple drugs
that may interact to adversely affect nervous
system function. According to the Department

Box |-C—Lead: A Continuing Threat to the Nation’s Children

Lead is an especialy troublesome neurotoxic substance because it occurs naturaly in the environment and
therefore may be found in food, water, and air, as well as in the byproduct.. of manufacturing and industry.
Environmental Protection Agency (EPA) and Food and Drug Administration (FDA) measures to reduce lead in
gasoline and food have been largely successful, but some sources of exposure remain, and some sources that are
not major contributors now may become so in the future.

Despite lead reduction in a number of areas, lead poisoning remains a mgjor public health problem, particularly
among children, who are both more sensitive to lead’ s neurotoxic effects and more likely to be exposed to certain
sources, such as paint chips from older houses, school water coolers containing lead-lined tanks, and home water
supplies contaminated with lead from old piping. According to the Department of Health and Human Services, 17
percent of the Nation’s children (in standard metropolitan statistical areas) have levels of lead in their blood that
may be adversely affecting their nervous systems. The percentage is much higher for urban children from poor
families. As tests become more sensitive, neurotoxic effects become apparent at progressively lower levels of lead
in children’s blood. In addition, relatively low exposures to lead in early years appear to have developmental and
neurobehavioral effects that persist into young adulthood. Because of the widespread nature of the problem, it would
be prudent to consider a nationwide screening program of lead poisoning in children.

There is some concern that existing EPA regulations cannot adequately remove lead from drinking water, and
it is unclear whether water suppliers or property owners bear the responsibility for removing lead plumbing. The
same problem of responsibility exists for the removal of lead-based paint from older houses. Without any central
reporting system, it is difficult to ascertain the extent of lead poisoning in individual States; and since funding for
lead poisoning prevention was placed under the block grant umbrella, it is difficult to determine the extent to which
Federal funds are being spent on lead poisoning prevention.

SOURCES: H.L.Needleman, A. Schell, D. Bellinger, €t al., “The Long Term Effects of Exposure to Low Doses of Lead in Childhood,” New
England Journal of Medicine 322:83-88, 1990. K.L. Florini, G.D. Krumbhaar, Jr., andE K. Silbergeld, ‘‘Legacy of Lead: America's
Continuing Epidemic of Childhood Lead Poisoning,” Environmental Defense Fund, Washington, DC, 1990.
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of Health and Human Services (DHHS), people
age 60 and older represent 17 percent of the
U.S. population but account for nearly 40
percent of drug-related hospitalizations and
more than half the deaths from drug reac-
tions. Common adverse effects include de-
pression, confusion, loss of memory, shaking
and twitching, dizziness, and impaired
thought processes.

Workers in industry and agriculture often
experience substantially greater exposures to
certain toxic substances than the general popula
tion does. Neurotoxic pesticides and solvents
are common sources of exposure in the
workplace. The National Institute for Occupa-
tional Safety and Hedlth (NIOSH) has identified
neurotoxic disorders as one of the Nation's 10
leading causes of work-related disease and
injury. Other leading causes of work-related
disease and injury include noise-induced hear-
ing loss and psychological disorders, both of
which are mediated by the nervous system.
NIOSH has estimated that several million work-
ers are exposed to neurotoxic substances on a
regular basis.

Persons who abuse psychoactive drugs may
face particularly severe neurotoxic effects. The
National Institute on Drug Abuse (NIDA) re-
ported that in 1986 drug abuse led to more than
119,000 emergency room visits and 4,138
deaths. Some drugs can per manently damage
the nervous system. Damage may be so severe
asto cause personality changes, neurological
disease, mental illness, or death. Persons who
abuse drugs are often not aware of, or do not take
serioudly, the threat these substances pose to
their health. Drugs such as cocaine, heroin,
MDMA (ecstasy), and phencyclidine (PCP) are
neurotoxic and threaten the health of many
Americans. Figure 1-3 illustrates how one
abused drug, MDMA, can destroy nerve fibers
in the brain. Abuse of psychoactive drugs by
pregnant women poses a major risk to the
developing nervous system of the fetus (see
box |-D).

Figure 1 -3--Neurotoxic Effect of MDMA on Serotonin
Nerve Fibers in the Cerebral Cortex of
the Monkey

B. MDMA

Repeated administration of MDMA (5mg/kg, 8 doses) to a
Cynomolgus monkey produced degeneration of most serotonin
nerve fibers in this region of the cortex, which is involved in the
perception of touch and position sense. Similar toxic effects are
seen in most areas of the cerebral cortex.

SOURCE: M.A. Wilson and M.E. Molliver, Department of Neuroscience,
Johns Hopkins University School of Medicine.

Research and Education Programs

Federal research related to neurotoxic sub-
stances is conducted primarily at the National
Institutes of Health (NIH), the Alcohol, Drug
Abuse, and Mental Health Administration
(ADAMHA), and EPA. Limited research pro-
grams are under way at the Food and Drug
Administration (FDA), the Centers for Disease
Control (CDC), the Department of Energy, the
Department of Agriculture, and other agencies.
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Box I-D-Cocaine and the Developing Fetus

When a pregnant women abuses a psychoactive drug, she alters not only the activity of her nervous system,
but that of her unborn child as well. Depending on the abused substance, the frequency of use, the dose, and other
factors, the mother’s quest for a high can lead to permanent damage of the rapidly developing fetal nervous system.
According to a recent survey by the National Association for Perinatal Addiction Research and Education, each year
as many as 375,000 infants may be adversely affected by substance abuse, Maternal substance abuse is frequently
not recognized by health-care professionals during pregnancy. Consequently, treatment or prevention programs
often come too late. According to the National Institute on Drug Abuse, approximately 6 million women of

childbearing age (15 to 44) are current users of an illicit drug, about 44 percent have tried marijuana, and 14 percent
have used cocaine at least once.

A recent study of 50 women who used cocaine during pregnancy revealed a 31 percent incidence of preterm
delivery, a 25 percent incidence of low birthweight, and a 15 percent incidence of sudden infant death syndrome.
These types of parameters are easy to quantify. The biochemical and neurobehavioral effects are more difficult to
document, but they are just as real. Early research indicates that cocaine babies suffer abnormal development of the
nervous system, impaired motor skills and reflexes, seizures, and abnormal electrical activity in the brain.

Cocaine is so addictive that it can suppress one of the most powerful human drives-maternal care. As one
pregnant crack addict put it: “The lowest point is when | left my children in a park for like 3 or 4 days. | had left
my kids with a girl that | know and told her. . . ‘watch them. . . I'll be back’ and | didn’t come back. So that was
like—when | finally came down off of that high, | realized that | needed help. " Sick and abandoned children of
cocaine mothers have placed a heavy burden on a number of the Nation's hospitals. During al-week period at one
hospital, 1 in 5 black infants and 1 in 10 white infants were born on cocaine. Taxpayers usually end up paying the
health-care bill—a bill that can exceed $100,000 per infant.

SOURCES: National Association for Perinatal Addiction Research and Education, News, Aug. 28, 1988; J.H.Khalsa, “Epidemiology of
Maternal Drug Abuse and Its Health Consequences: Recent Finding,” National Institute on Drug Abuse, in preparation; CBS News,
“Cocaine Mothers: Suffer the Children,” West 57tk Sreet, July 15, 1989.

Photo credit: Courtesy of Dr. Emmaiee S. Bandstra, M. D., Division of Neonatology, University of Miami/Jackson Memorial Medical Canter
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Table I-I-Federal Funding for Civilian
Neurotoxicity-Related Research

Agency Research®($ millions)
National Institutes of Health®. .. ... 32.6
Alcohol, Drug Abuse, and Mental

Health Administration. ......... 26.6
Environmental Protection Agency. . . 3.9

National Institute for Occupational

Safetyand Health .. ........... 0.7
Food and Drug Administration . . . . . 1.8
Department of Energy’. .......... 0.5
Department of Agriculture . ... ... .. 0.4

Total ... 66.5

Totals are based primarily on fiscal year 1988 data.
bExcludes research related to nicotine and smoking.
CExcludes research related to alcohol and alcoholism.
dExcludesresearch related t0 radiation.

SOURCE: Office of Technology Assessment, 1990.

Asindicated in table 1-1, total Federal funding
for civilian neurotoxicology -related research
(excluding research related to nicotine and
smoking, alcohol and acoholism, and radiation)
is about $67 million. The bulk of this funding
(89 percent) is through ADAMHA and NIH and
tends to focus on the toxicity of drugs and the
biochemical mechanisms underlying neurologi-
cal and psychiatric disorders. A number of other
Federal agencies and organizations provide
limited funding for research related to neurotox-
icity aswell. Given thethreat that neurotoxic
substances pose to public health and the lack
of knowledge of the mechanisms by which
these substances exert adverse effects, OTA
found that, in general, Federal research
programs are not adequately addressing
neur otoxicity concerns.

Research related to environmental neurotoxicol-
ogy is confined primarily to the intramural
program at EPA and the extramural program at
the National Institute of Environmental Health
Sciences (NIEHS) within NIH. The NIEHS
extramural grants program supports a substan-
tial number of research projects in academia.
However, OTA found that, with the exception of
the neurobehavioral section of the Laboratory of
Molecular and Integrative Neuroscience within
NIEHS, NIEHS intramural research programs
are focused on the basic neuroscience rather
than on environmental neurotoxicology, result-
ing in a prominent intramural research gap at

NIH in the environmental neurotoxicology field.
Of the approximately $3 million NIEHS spent
on intramural research in the neuroscience in
fiscal year 1988, OTA found that only about
one-fourth was devoted to studies in which
neurotoxicology was the primary focus.

Academic research in neurotoxicology is
supported almost exclusively by NIH and
ADAMHA. Most extramural research funded
by NIH is through NIEHS and the National
Institute of Neurological Disorders and Stroke
(formerly the National Institute of Neurological
and Communicative Disorders and Stroke),
although several other Institutes have substan-
tial programs. The extramura grants program at
NIEHS has been particularly effective in fund-
ing research grants in the neurotoxicity field.
ADAMHA funds grant programs through NIDA
and the National Institute of Mental Health.

EPA has a relatively large intramural
research program in neurotoxicology which
has been limited in recent years by lack of
funding for supplies and equipment. EPA
lacks an extramural grants program in neu-
rotoxicology. The Agency has only a small
grants program that has rarely funded neurotoxi-
cology-related projects. Traditionally, Federal
agencies have supported both intramural and
extramural efforts to ensure a balanced, compre-
hensive, and cost-effective program.

In recognition of the need to expand its
research programs in the neurotoxicology area,
EPA recently submitted to the Office of Man-
agement and Budget (OMB) a request to expand
its research budget by $1.5 million. Approxi-
mately $1.0 million was requested for the
development of in vitro neurotoxicology tests;
another $0.5 million was requested to examine
adverse effects associated with cholinesterase
inhibition and the utility of cholinesterase inhibi-
tion as a biomarker for exposure. However,
OMB allowed no funding for either research
effort. In vitro test development is often cited as
a high-priority research need because of the
requirement to rapidly screen toxic chemicals
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and to try to minimize the use of animals in
research. A technical EPA panel recently recom-
mended that the Agency initiate studies to
examine the relationship between cholinesterase
inhibition and other adverse effects on the
nervous system.

FDA funds a small number of research
projects related to neurotoxicology, primarily
through its intramural research programs. The
National Center for Toxicological Research is
conducting a number of intramural research
projects related primarily to developmental
neurotoxicology. The Center for Food Safety
and Applied Nutrition has a small in-house
program and is supporting three extramural
research projects.

Within CDC, NIOSH has small intramural
and extramural programs devoted to the identifi-
cation and control of neurotoxic substances in
the workplace. CDC's Center for Environ-
mental Heath and Injury Control conducts
epidemiological investigations of human expo-
sure to environmental hazards, but few studies
focus on neurotoxic effects.

Industry supports neurotoxicology -related re-
search through several mechanisms, including
in-house scientists, contract laboratories, con-
sortia, contracts with universities, and grants to
universities. Toxicity evaluations conducted as
part of internal applied research are necessary to
develop safe and effective products, to protect
employees, to protect the environment, and to
control liability costs. Research programs vary
considerably depending on the types of products
manufactured and various economic considera-
tions.

OTA found that education of research
scientists in the neurotoxicology field is
limited, in part, by inadequate Federal sup-
port for training programs. Part of the diffi-
culty in obtaining funding is due to the nature of
neurotoxicology-the intersection of neuroscience
and toxicology. Few academic departments
devote significant resources to neurotoxicology,
and few Federal research organizations devote
major efforts to it. NIEHS supports training in

the neurotoxicology field; however, funding
limitations allow for support of only a relatively
small number of trainees.

Millions of American workers are exposed to
neurotoxic substances in the workplace, but
illness stemming from these exposures often
goes undetected and untreated. The subtlety of
neurotoxic responses is one reason for this
situation; for example, complaints of headache
and nervousness are often ascribed to other
causes. Another reason is the lack of adequately
trained health-care professionals to diagnose
and treat neurotoxic disorders. Medical schools,
in general, devote little of their curricula to
occupational health issues. After medical
school, physicians may undertake residency
training in occupational medicine, but in 1987
only about 1 in every 1,000 residents was
specializing in occupational medicine. Nurses
are also needed in the occupational health field
to provide emergency services, to monitor
employee headlth, and to provide counseling and
referral to physicians. In addition, industrial
hygienists are needed to evaluate and control
health hazards in the workplace.

Testing and Monitoring

Controlling toxic substances is a two-part
process. The first step is to identify existing
substances that adversely affect the nervous
system and take action to minimize human
exposure to them. The second step is to identify
new neurotoxic substances in use and either
prevent their manufacture (if they cause serious
neurotoxic effects) or limit human exposure to
them and release of them into the environment.
Very few new and existing chemicals have
been evaluated specifically for neurotoxicity.

The effects of toxic substances on the nervous
system may be evaluated through animal tests,
cell and tissue culture (in vitro) tests, and human
tests. Each approach has advantages as well as
limitations. The best way of predicting adverse
effects on human health is to test potentialy
toxic substances directly on human subjects.
However, this approach is often difficult and in
many situations is unethical. Therefore, it is
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usually necessary to rely on animal and in vitro
tests to predict effects on human health. In some
cases, in vitro tests can be used to detect
neurotoxic effects; at present, however, animal
testing is used to obtain a neurotoxicological
and behavioral evaluation. As more in vitro
testing techniques become available and are
validated, they may be used in the initial
screening process or to complement animal
tests.

Several industrial and Federal organizations
have developed animal tests to evaluate the
effects of known and potential neurotoxic sub-
stances. In industry, severa testing methods are
currently used on a limited basis to assess the
neurotoxic potential of some toxic substances.
In the Federal arena, EPA recently developed
guidelines for a series of neurotoxicity tests to
supplement its general toxicological tests. Core
neurotoxicological tests used in initial screening
for toxicity include the functional observationa
battery (a series of rapid neurological tests to
evaluate toxic effects on animals), tests of motor
activity, and neuropathological examinations.
Additional tests that may be used include
schedule-controlled operant behavior tests, acute
and subchronic delayed neurotoxicity tests for
organophosphorous substances, and devel opmental
examinations. Neurophysiological evaluations
are also useful in identifying neurotoxic sub-
stances and in evaluating their adverse effects.

Several human tests are in use to determine
the neurotoxic potential of suspected and known
toxic substances. These include neurobehav-
ioral evaluations and various neurophysiologi-
cal tests. In addition, computer monitoring
devices are rapidly advancing to aid in studies of
neurotoxicity.

Monitoring the release of toxic substancesis
critical to regulatory programs. In 1986, Con-
gress enacted the Federal Emergency Planning
and Community Right-to-Know Act, which
mandated that EPA develop a Toxics Release
Inventory of more than 300 toxic chemicals
released by industry into the environment. The
first data were published in 1989, and the

inventory will be updated annualy. Such a
database will undoubtedly prove to be very
useful in monitoring releases of neurotoxic
substances. As indicated in figure 1-4, 17 of the
top 25 toxic substances released into the envi-
ronment have neurotoxic potential.

Monitoring exposure to neurotoxic substances
is a critical component of public health and
environmental protection efforts. Monitoring
may be conducted by regularly surveying con-
taminants in the food supply, banking animal
specimens, and collecting biological data on
humans. Biological specimens can be used to
measure contamination levels over periods of
many years and to document adverse effects.
Human biological monitoring programs can be
undertaken to detect exposure to toxic sub-
stances and to aid in making decisions about
health risks. Such programs may be particularly
useful in monitoring exposures in the workplace.

Risk Assessment

Risk assessment is the analytical process by
which the nature and magnitude of risks are
identified. Risk, as it pertains to the health
effects of toxic substances, is the probability of
injury, disease, or death for individuals or
populations undertaking certain activities or
exposed to hazardous substances. It is some-
times expressed numericadly (e.g., 1 in 1 mil-
lion); however, quantification is not always
possible, and risk may sometimes be expressed
in qualitative terms such as high, medium, or
low risk. Risk management, a process guided by
risk assessment, and by political, social, ethical,
economic, and technological factors as well,
involves developing and evaluating possible
regulatory actions and choosing among them.

Some degree of risk is associated with almost
every aspect of modern living. For example,
traveling in an automobile involves a risk of
accidental death of 1in 4,000, arelatively high
risk. In contrast, the risk of being killed by
lightning is 1 in 2 million. Whether a risk is
acceptable or not depends on many factors,
including benefits. Defining acceptable risk is
the task not only of scientists and regulatory
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Figure I-4-neurotoxic Substances Are Prominent Among the Toxics Release inventory’s Top 25
Chemicals Emitted Into the Air in 1987

Millions of pounds

Listed as a neurotoxlc substance by
300 - Anger and Johnson ( 1985], or
subje cl to TSCA Sect lon 4 testrule
forneurotoxicsubs lances
250 | [: Not |la ted as a neurotoxicsubstanc e
AM TO ME AC IT MK XY CpbI CH AO ET F R HA TR PR GE NA TE ST BE Ml CLCS SA
AM - Ammoni a MK - Mathuifihy LKatans FR-Fraoan 113 ST - Styrene
TO- Toluene XV-Xylene{mixedlsomera] HA-HydrochloricAcld EA‘IE -MB?nnze?'e b |k
- CD - Car b Disuitid T A-Trichloroethylens - Met hylisobuty etone
ME - Mel hanol DI - Dich loromethane PR-Propy | ene CL - Chiorofor m
AC - Acetone CH - Chlor ine G E - G | yco! Ethers CS - Car bony | s\_JIHrla
17T-121- Tei- AO - Aluminum Oxide NA - N-Buty ) Alcohol 5A - Sul fur ic Acid
chloroethane ET - Ethylene TE-Tetrachloroethylene

SOURCES: Data obtained from W.K. Anger and B.L. Johnson, “Chemicals Affecting Behavior,” neurotoxicity of Industrial and Commercial Chemicals, vol.
1,J.L.O'Donoghue (cd.) (Boca Raton, FL: CRC Press, 1965), tables 1 and 2, pp. 70-141; TSCAsec. 4,52 FR 31445; TSCAsec. 4,53 FR 5932;
54 FR 13470; 54 FR 13473; U.S. Environmental Protection Agency, Office of Pesticides and Toxic Substances, The Toxics Release Inventory:
A National Perspective, 1987, EPA 560/4-89-006 (Washington, DC: 1989).

officials, but of society in genera. Everyone
evaluates risks on a dally basis and makes
individual choices depending on experience and
other factors.

Risk assessment practices are the subject of
ongoing debate within the regulatory and scien-
tific communities, and in the last two decades
strategies to regulate toxic substances have
changed considerably. In the early 1970s, envi-
ronmental legislation focused on regulating a
relatively small number of pollutants of known
toxicity. Today, concern is focused on thou-
sands of toxic substances, for many of which
little information is available. This change has
been forced in part by improved methods of
detecting toxic substances in the environment,

improved capabilities for identifying the ad-
verse effects of these substances, and the
difficulty of determining threshold levels below
which no adverse effects occur.

Policies regarding risk assessment have been
controversial. Some people believe that Federal
agencies overestimate risk by making overly
conservative assumptions in developing risk
assessments. Others feel that risk assessment
practices do not take into account the complex
interactions of multiple pollutants that often
occur in the environment. Still others point out
that risk assessments focus primarily on adverse
effects on human health and devote little atten-
tion to other organisms and the environment in
general. Critics of established risk assessment
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procedures believe that too little attention is
being paid to the potential effects of toxic
substances on children, infants, and the unborn.
Regardless of the various viewpoints, risk
assessment has become an integral component
of regulatory strategies, and it is important to
appreciate the scientific issues underlying this
process in order to understand how toxic sub-
stances are controlled.

Concerns about carcinogenicity have domi-
nated discussions about the risks posed by
toxic substances. However, the adverse ef-
fects on organs and organ systems, particu-

larly the nervous system, may pose an equal
or greater threat to public health. Conse-
guently, it isimportant to devise risk assess-
ment strategies to address noncancer health
risks. An important difference between neuro-
toxicity and carcinogenicity is the extent to
which the effects are reversible. The endpoint of
carcinogenicity is considered to be irreversible
(although some argue that, strictly speaking, a
““cure’ would render the effect reversible),
whereas the endpoints of neurotoxicity may be
either reversible or irreversible, depending on
the specific effect, the duration and frequency of
exposure, and the toxicity of the substance.
Reversibility requires the introduction of a new
variable into the risk assessment equation.

Since the nervous system is perhaps the most
complex organ system of the body, evaluating
the neurotoxic potential of environmental agents
is a particular challenge. For example, testing
for a toxic effect on one component of the
nervous system (e.g., hearing), may or may not
reveal atoxic effect on another component (e.g.,
vision). Furthermore, an effect on one nervous
system function is not necessarily predictive of
an effect on another nervous system function.

The results of toxicologica analyses are
strongly influenced by the age of the organism
being examined. For example, mice exposed to
methylmercury during prenatal development
may not exhibit adverse effects until late in their
lives. With age, the functiona capacity of the
brain declines significantly, and chronic expo-
sure to some neurotoxic substances is thought to
accelerate this process. Hence, some scientists
and regulatory officials believe that risk analy-
ses should consider adverse effects over a range
of ages and should take into account latent
effects.

Federal Regulatory Response

I't isthetask of regulatory agencies to limit
public exposure to toxic chemicals through
programs mandated by law. Because of the great
diversity of toxic substances, many statutes exist
to control their use. These laws are administered
by various Federal agencies, but primarily by
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Table 1-2--Major Federal Laws Controlling
OXIC Substances

Agency primarily

Act responsible
Toxic Substances Control Act . ................ EPA
Federal Insecticide, Fungicide, and Rodenticide

ACt. EPA
Federal Food, Drug, and Cosmetic Act.......... FDA
Occupational Safety and Health Act .. .......... OSHA
Comprehensive Environmental Response,

Compensation, and Liability Act. . ........... EPA
Clean AirACt. ..., EPA
Federal Water Pollution Control Act and

CleanWater Act. ..., EPA
Safe Drinking Water Act. .. ................... EPA
Resource Conservation and Recovery Act . . . .. .. EPA
Consumer Product Safety Act .. ............... CPSC
Federal Hazardous Substances Act............ CPSC
Controlled Substances Act. . .................. FDA
Federal Mine Safety and Health Act............ MSHA
Marine Protection, Research, and Sanctuaries

ACt. o e EPA
Lead-Based Paint Poisoning Prevention Act . . . .. CPSC
Lead Contamination Control Act. . ............. HHS
Poison Prevention Packaging Act.............. CPSC

KEY: CPSC-Consumer Product Safety Commission; EPA-Environ-
mental Protection Agency; FDA-Food and Drug Administration;
HHS--Department of Health and Human Services; MSHA—Mine
Safety and Health Administration; OSHA-Oocupational Safety and
Health Administration.

SOURCE: Office of Technology Assessment, 1990.

EPA, FDA, and the Occupational Safety and
Health Administration (OSHA) (table 1-2).
OTA found that very few substances have been
regulated as aresult of neurotoxicity concerns.

New and existing industrial chemicals are
regulated by the Toxic Substances Control Act
(TSCA). Pesticides are controlled by the Federal
Insecticide, Fungicide, and Rodenticide Act
(FIFRA), and toxic substances in the workplace
are regulated by the Occupational Safety and
Health Act (OSH Act). The Federal Food, Drug,
and Cosmetic Act (FFDCA) regulates food and
food additives, drugs, and cosmetics. These
laws address the vast majority of toxic sub-
stances, and more than a dozen other acts focus
on other substances and sources of exposure.
Although neurotoxicity is generally not explic-
itly mentioned in legislation mandating the
regulation of toxic substances, it is implicitly
included as atoxicity concern.

Under the authority of this diverse framework
of legidation, regulatory agencies have promul-
gated equally diverse regulations for protecting

human health. Some regulatory programs re-
guire substantial testing of chemicals to screen
for toxic effects; others are not empowered to
require any such testing. Some regulations call
for screening substances before they are alowed
to enter the marketplace; other regulations are
reactive, coming into effect only when evidence
indicates that an existing chemical can or does
cause harmful effects.

Federal laws governing toxic effects can be
divided into three genera categories:

1. licensing and registration laws for new
and existing chemicals, which entail ex-
plicit review processes and may include
requirements for toxicity testing;

2. standard-setting laws for chemicals used
in specific situations, under which regula-
tory agencies determine recommended or
required limits on toxic substances in
various environmental media (air, water,
or soil) or emitted by a given source, or
dictate appropriate labeling of products
that contain toxic substances; and

3. control-oriented measures for dealing
with chemicals, groups of chemicals, or
chemical processes that are explicitly iden-
tified in the laws as targets of concern.

Distinctions among the three categories are not
absolute—there is more of a continuum than a
discrete grouping in the legidlative language—
but this classification indicates the basic types of
approaches that have been developed to protect
the public and the environment from the adverse
effects of toxic substances.

Consistency of the Federa Regulatory Effort

There are numerous differences in regulatory
practice under different laws, even within the
group of Incensing laws (TSCA, FIFRA, FFDCA).
These differences do not, for the most part,
apply specifically y to the regulation of neurotoxic
effects, but rather to regulation of all toxic
effects. Thus, consistency of regulation for
specific neurotoxic effects hinges on consis-
tency of regulation in a more general sense.
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Statutory requirements for chemical regula-
tory programs differ in several important re-
spects, among them the number of chemicals
evaluated, the time available for review, the
amount and type of data available at the
beginning of the review process, the ability of
the reviewer to acquire additional data after
review has begun, and the burden of proof
regarding safety. For example, the Premanufac-
ture Notice (PMN) process under TSCA neces-
sitates review of hundreds of chemicals every
year; each review is alotted only 90 days
(although an extension is possible), and substan-
tive toxicity data are rarely submitted. EPA can
obtain additional data or impose controls on
chemicals only if it finds that there may be an
unreasonable risk associated with use of the
chemical. Without significant toxicity data,
predicting risk is difficult and must rely on
hypothetical relations between chemical struc-
ture and biological activity. However, littleis
known about structure-activity relationships
with respect to neurotoxicity. Applicants for
registration of a pesticide under FIFRA must
submit extensive general toxicological data
according to specified test protocols, the review
process extends over a period of years, the
applicant is required to submit additional data if
the basic data raise concerns, and the applicant
must establish that the pesticide will be both safe
and effective under the proposed conditions of
use. Few data relating to neurotoxicity concerns
are presently required. However, the agency is
considering expanded testing requirements.

That there are differences in the degree of
regulatory scrutiny under the various Federal
regulatory programs is widely acknowledged.
Often, these disparate regulatory requirements
reflect real differences in the potential risks
represented by the chemicals each program
regulates. It may be that the more intense
scrutiny reserved for some types of chemicals is
an appropriate reflection of the likelihood that
they will threaten human health or the environ-
ment.

Current laws are generally based on the
premise that chemicals for which there is a

greater probability of exposure should meet a
higher standard of safety. This is most clearly
illustrated by the prohibition of carcinogenic
substances as direct food additives and of
pesticides that concentrate in foods (the Delaney
clause of FFDCA). No such genera prohibition
applies to general industrial or commercial
chemicals under TSCA or the OSH Act.

The stringency of the evaluation process for
new chemicals under the various laws generally
matches the presumption of risk—the combina-
tion of hazard and exposure potential-posed by
each class (in the view of regulatory officials)
and the number of new class members intro-
duced each year. Thus, drugs are not to be
permitted on the market until proven safe and
effective in clinical trials. New pesticides and
food additives are evaluated nearly as strin-
gently; however, human trials are not per-
formed. Commercial chemicals, whether in-
tended for industrial or consumer use, receive
the least scrutiny.

There are two exceptions to these trends, one
minor and one significant. Consumer chemicals
have not received any procedurally different
scrutiny than those intended for industrial use,
despite the fact that larger numbers of persons
may be exposed as consumers than as industria
workers. Moreover, FFDCA does not require
that cosmetics and cosmetic ingredients undergo
premarket toxicity testing. Industry voluntarily
tests cosmetic ingredients for acute toxic effects,
but few are examined for chronic toxicity. Some
have been found to have acute and chronic
neurotoxic effects on laboratory animals.

While many scientists find some comfort in
the observation that the stringency of review of
a chemical matches its presumptive risk (except
for cosmetics), public interest groups have
voiced concerns over such odds playing. For
example, the chemicals regulated under TSCA
make up the largest classes of chemicals, yet
they receive relatively little scrutiny by EPA.
TSCA does offer options for selecting high-risk
chemicals for further scrutiny, but the vast
majority of chemicals receive only a limited
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review. Critics of EPA argue that regulatory
resource considerations and a desire not to
burden industry, rather than presumptive
risk, are in fact driving chemical review
criteria. They raise the question of whether
the minimal screening given to the majority
of chemicals is adequate to deal with high-
risk chemicals that are not members of
known risk categories.

Regulation of New v. Existing Chemicals

Existing chemicals are subject to varying
degrees of review and reevaluation. In contrast
to procedures for reviewing new chemicals,
however, procedures for reexamining existing
chemicals do not necessarily reflect the inherent
risks of the chemical classes involved.

EPA attempts to ensure the adequacy of the
data supporting continued pesticide registration
through a regular review process. The registra-
tion standards program, which examines 25
chemicals per year, has thus far addressed only
a small portion of the active ingredients of
registered pesticides and has been the subject of
considerable concern. At the present rate, active
pesticide ingredients would be reviewed on an
average of only once every 12 years or more.
The 1988 FIFRA amendments mandated that
the review schedule be accelerated so that all
active ingredients are reviewed by 1997. To
meet this goal, EPA will need to streamline its
existing review process.

Under section 4 of TSCA, existing chemicals
are ranked for probable risk or high exposures
prior to entering the test rule or consent order
regulatory process. In the period from 1977 to
1988, final rules were issued on only 25
chemicals or related sets of chemicals, con-
sent agreements wer e reached on three, with
nine proposed rules pending. Clearly, these
rules address only a very small fraction of the
60,000 chemicalsin the TSCA inventory.

FDA'’s various procedures for reviewing
existing drugs and food and color additives are
less formal than those for pesticides or toxic
substances. FDA tracks physicians reports of

adverse drug reactions and reports them to the
original evaluators of the drugs. Food and color
additives have been notable exceptions to the
review of existing chemicals. Until recently,
once an additive was registered, there was no
monitoring of adverse reactions. For aspartame,
FDA established voluntary reporting programs,
but most food additives are not the subject of
formal reporting programs. Although FDA does
not require reporting on the use of approved
food and color additives, it could track such
information and use it to assess the risks
associated with approved uses.

Specific neurotoxicological Considerations

Regulatory differences in general strategies
for evaluating toxicity entail corresponding
differences in the evaluation of neurotoxic
effects. Thus for human drugs, preclinical
toxicity tests are only used to guide observations
on clinical trials and to elucidate possible
mechanisms of toxicity, rather than to directly
assess toxic potential. For pesticides and food
and color additives, in contrast, animal toxicity
data are used directly in predicting human risk.
However, even within programs that have
essentially similar approaches to assessing toxic
risks, there are differences with respect to
consideration of neurotoxic risks.

Regulatory programs have adopted one of
three basic approaches to toxicity evaluation,
depending on which of three underlying as-
sumptions they hold. One approach is based on
the assumption that general toxicity tests using
high doses are adequate to detect neurotoxic
potential and that neurotoxicological evalua-
tions are needed only if general tests, data on
structural analogues, or other specific knowl-
edge about a chemical indicate a potential for
neurotoxicity. Among these are FDA’s preclini-
cal testing program for drugs and its current
program for approving food additives. The
second approach, represented by the pesticide
registration program under FIFRA, accepts
more general structural information in guiding
neurotoxicity testing. All organophosphorous
compounds are evaluated for the potential to
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induce delayed neuropathy, but nonorgano-
phosphorous compounds are not specifically
evaluated for neurotoxic potential. All pesti-
cides undergo a general toxicity screen; how-
ever, specific neurotoxicity tests are not pres-
ently required. Finally, under section 4 of
TSCA, specific neurotoxicity testing is required
for any chemical with high exposure potential,
as well as for chemicals specifically suspected
of being neurotoxic. Such testing presumes that
standard toxicity tests are not adequate to
evaluate neurotoxic effects.

OTA found that Federal efforts to control
neurotoxic substances varied considerably be-
tween agencies and between programs within
agencies. Improving the Federal response will
require increased neurotoxicity testing, im-
proved monitoring programs, and more aggres-
sive regulatory efforts.

Federal Interagency Coordination

Interviews with toxicologists and neurotoxicolo-
gists in various Federal agencies indicated that
there is little formal coordination among agen-
cies, although neurotoxicologists at different
agencies maintain regular informal contacts.
There are aso severa coordinated research
efforts mediated by interagency agreements and
by personal contabt.the spring of 1989,
OTA and EPA cosponsored a workshop on
Federal interagency coordination at which
Agency representatives decided to establish
an Interagency Working Group on Neu-
rotoxicology to foster increased interaction
among Federal agencies responsible for re-
search and regulatory programs.

neurotoxicologists at different agencies main-
tain regular informal contact, but this contact
has not fostered a consensus on the best
approach to regulating neurotoxic hazards. Real
differences of scientific opinion remain, and
data that would resolve these differences have
not been developed by the agencies involved.
Restrictions on revealing confidential business
information hinder the transfer of potentialy
useful toxicological information, both to the
public and between Federal agencies. Moreover,

even within agencies, neurotoxicologists and
other toxicologists sometimes disagree on the
proper role of neurotoxicity in safety evalua-
tions.

An agency’s approach to neurotoxicity evalu-
ation often corresponds to the presence or
absence of neurotoxicologists on the staff.
Although this presumably reflects personnel
considerations—if an agency is not evaluating
neurotoxicological data, it does not require
people trained to do so-it does raise the
guestion of whether persons who evaluate
general toxicological data understand the contribu-
tions of directed testing to the prediction of
neurotoxic effects. General toxicologists are
essential to the review process; however, indi-
viduals with specialized expertise are often
necessary to ensure a comprehensive evalua-
tion. Variations in the hiring of neurotoxicolo-
gists by Federal agencies reflect a more general
problem of toxicological assessment, that of
determining the appropriate degree of spe-
cialization required to evaluate the many organ
systems potentially affected by a toxic sub-
stance. OTA found that effectiveness in ad-
dressing neurotoxicological concerns at Fed-
eral agencies is dependent on the presence of
neur otoxicologistsin regulatory program of-
fices. Improving Federal programs will re-
quireincreased employment of neurotoxicol-
ogiststrained in risk assessment and regula-
tory procedures.

The Federal regulatory response to neurotox-
icity is fragmented not only by differences in
scientific judgment, but also by differences in
regulatory responsibility. The decision to evalu-
ate drugs, pesticides, and food additives by
stricter standards than are applied to commercial
chemicals is based not only on the views of
scientists, but also on national consensus. Thus,
the perception of risk by the public can strongly
influence regulatory policies related to toxic
substances.

Economic Considerations in Regulation

Regulating neurotoxic substances involves
consideration of both the economic benefits of
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using these substances and their actual or
potential costs. The problem of balancing bene-
fits, costs, and risks of regulation is not unique
to the control of neurotoxic substances; it arises
in al forms of health, safety, and environmental
regulation. Regulations that are designed to
reduce or prevent neurotoxic risks can benefit
society through improvements in public health
and environmental amenities. In most cases,
however, society incurs costs to achieve these
regulatory ends. The costs of complying with
health and safety regulations may also result in
increases in market prices, reductions in indus-
try profits, and declines in new product innova-
tion.

Many of the key Federal laws under which
neurotoxic substances are regulated require
agencies to ascertain the positive and negative
economic consequences of regulation. In imple-
menting these laws, Congress has generaly
intended that agencies prepare regulatory analy-
ses and document the balancing of benefits,
costs, and risks of proposed aternatives.

The Costs and Benefits of neurotoxicity Testing

Experience with neurotoxicity testing is still
relatively limited, creating uncertainty regard-
ing the available cost estimates for this type of
testing. Because of the uncertainty regarding
these costs, OTA obtained estimates of the costs
of several types of neurotoxicity tests from a
number of individuals in government, industry,
and academia.

The median estimates derived from OTA’s
survey indicate that a complete set of neurotox-
icity tests, including a functional observational
battery, motor activity, and neuropathology,
may add from 40 to 240 percent to the costs of
conventional toxicity tests currently required by
EPA. By far the largest portion of the added cost
comes from the neuropathology evaluations,
which are needed to determine whether struc-
tural change in the nervous system has occurred
and the nature and significance of the change.
Based on its survey, OTA found that acute
neurotoxicity tests (including EPA’ s functional
observational battery, motor activity test, and

neuropathology evaluations) may add a total of
about $50,000 to standard toxicity test costs.
Subchronic neurotoxicitytests may add $80,000,
and chronic tests may add about $113,000. The
EPA subchronic schedule-controlled operant
behavior test may add about $64,000. However,
the functional observationa battery alone would
add only $2,500 to the cost of a conventional
acute toxicity test. A conventional acute test of
oral exposure presently costs about $21,000.

Testing costs should be viewed in the context
of the health benefits of minimizing public
exposure to neurotoxic substances, the total cost
to industry of marketing a new product, poten-
tial profits resulting from the sale of the product,
and the impact high initial costs have on the
innovation process.

The benefits of regulating neurotoxic sub-
stances can be measured in terms of the human
and monetary values placed on reduction of risk.
A number of approaches have been used to
assign monetary values to reduction of the risks
of mortality, morbidity, and disability. Lead has
been the subject of an in-depth economic
anaysis. A 1985 study estimated that the total
health benefits of reducing the neurotoxic
effects of lead on U.S. children would amount
to more than $500 million annually between
1986 and 1988. If adult exposure to lead,
including workers exposure, were included,
the benefits would be considerably larger.
Although the health and economic benefits of
l[imiting public exposure to neurotoxic sub-
stances are more difficult to estimate than the
costs of regulation, the example of lead
illustrates the importance of considering the
potentially large monetary benefits of regula-
tory actions. Like other toxicity testing, neuro-
toxicity testing is conducted to prevent adverse
health effects; hence, the benefits of such testing
may not be readily apparent and may accrue well
into the future. Often, the immediate costs of
testing receive considerable attention by regula-
tory officials, but the sizable potential economic
benefits of preventing public exposure to a
hazardous substance receive comparatively lit-
tle attention.
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As indicated earlier, neurotoxic substances, in
particular abused drugs, play a significant,
causal role in the development of neurological
and psychiatric disorders; however, the precise
extent of the contribution remains unclear.
Mental disordersand diseases of the nervous
system contribute substantially to health
costs in the United States. In 1980, they
ranked as the third and fifth most expensive
medical conditions in terms of personal
health-care expenditures. The estimate of
nearly $40 billion (1980 dollars) for these two
categories of morbidity does not include values
for lost productivity, restricted activity, and
other socia costs (e.g., crimina activity, law
enforcement, and rehabilitation for drug and
alcohol abuse) that frequently accompany men-
tal illness or other forms of mental impairment.

International |ssues

Like most environmental concerns, neurotox-
icity isaproblem that is not limited by national
boundaries. Pollutants readily cross national
borders, hazardous chemicals are frequently
imported and exported between industrialized
and developing nations, and adulterated food
and commercia products enter the United States
despite current regulatory efforts. Strategies to
[imit human exposure to neurotoxic substances
should be devised in the context of both national
and international regulatory and research initia-
tives.

International Regulatory Activities

Despite numerous regulations governing the
export and import of neurotoxic chemicals and
products containing them, some countries do not
have the regulatory framework and resources to
adequately protect human health and the envi-
ronment from these substances. Many nations,
including the United States, have policies and
procedures in place, but too often they work
only on paper. In practice, they may alow
neurotoxic substances to dip through the regula-
tory cracks. Some developing nations have
regulations to protect workers and consumers
from the adverse effects of neurotoxic sub-
stances, but these nations often lack the re-

sources to enforce them. This lack of effective
regulation and enforcement in developing na-
tions has a negative impact not only on public
health and environment in the user country, but
also in industrialized nations, including the
United States, where people process and con-
sume products imported from developing na-
tions.

Both TSCA and FIFRA contain provisions
exempting certain U.S. products produced for
export from the requirements that apply to
products sold for use in the United States. In
most instances, the requirements of TSCA do
not apply to substances manufactured, proc-
essed, or distributed for export. The require-
ments will, however, apply if it is determined
that the mixture or article will present an
unreasonable risk of injury to health within the
United States or to the environment of the
United States. In addition, because pesticides
intended solely for export are exempt from the
public health protection provisions of FIFRA,
pesticide manufacturers can legally export
banned, severely restricted, or never-registered
substances that have been deemed too hazardous
for use in this country. Companies that do so are
required to notify the importing country that the
pesticides in question have been banned, se-
verely restricted, or never registered for use in
the United States. Sometimes such pesticides
are used on food crops that are imported back
into the United States for consumption. Critics
of this practice have termed it the *‘circle of
poison. ’

On January 15, 1981, several days before the
end of histerm, President Jimmy Carter issued
an Executive Order that set controls on exports
of substances that were banned or severely
restricted in the United States. Several days after
becoming President, Ronald Reagan revoked
this order.

International Research Activities

Active interest in neurotoxicity began in the
United Kingdom during and after World War 1.
Since that time, research efforts in the United
States have gradually increased. The United
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Statesis now the world leader in environmental
legislation and government funding of neuro-
toxicology research.

International research activities tend to focus
on the heavy metals (lead and mercury), organic
solvents, and pharmaceutical agents. Scandi-
navian countries have been active in research on
the neurotoxicity of organic solvents. Other
European countries have supported research on
compounds of particular concern in occupa-
tional settings, such as pesticides and heavy
metals. Foreign neurotoxicology -related scien-
tific papers published in international journals
most often originate from authors in Canada,
England, Italy, Australia, and Japan. A humber
of papers originate from authors in France,
India, Sweden, Finland, and Mexico, as well.

neurotoxicology research has been primarily
an intranational effort. In recent years, some
international cooperation has been initiated by
the World Health Organization and the U.S.
National Toxicology Program, but thus far
cooperation has occurred only in specific areas
such as lead toxicity, solvent toxicity, and the
development of testing methodologies. The
limited scope of international cooperation is
largely due to the lack of funds available for
such efforts.

In some European countries, notably the
Federal Republic of German and Sweden,
environmental movements are becoming in-
creasingly influential. It is likely that these
nations will play leading roles in supporting
research and in developing regulations to con-
trol toxic substances. The Federal Republic of
Germany has aready acted to remove lead from
gasoline and to fund studies of lead toxicity in
children. All of the Scandinavian countries
(Sweden, Denmark, Norway, and Finland) have
traditionally supported research on solvents.
These patterns are likely to continue and may
broaden to include the investigation of other
toxic substances as environmental movements
grow. Political eventsin the Soviet Union have
led to the emergence of an environmental
movement, and it appears that the Soviet

government will also take amore active rolein
these issues. Findly, in the Far East, both the
People’'s Republic of China and Japan are facing
major pollution problems and are becoming
increasingly involved in toxicological issues.

POLICY ISSUES AND OPTIONS FOR
CONGRESSIONAL ACTION

Six broad policy issues related to the identifica-
tion and regulation of neurotoxic substances
were identified during the course of this assess-
ment:

1. adeguacy of the Federa regulatory frame-
work,

2. adequacy of Federal and federally spon-
sored research programs,

3. coordination of Federa regulatory and
research programs,

4. availability of adequately trained research
and health-care professionals,

5. communication of information to workers
and the public, and

6. adequacy of international regulatory and
research programs.

Associated with each policy issue are several
options for congressiona action, ranging in each
case from taking no action to making substantial
changes. Some of the options involve direct
legidlative action. Others involve the executive
branch, but with congressional oversight or
direction. The order in which the options are
presented does not imply any priority. More-
over, the options are not, for the most part,
mutually exclusive; adopting one does not
necessarily disqualify others within the same
category or in any other category. A careful
combination of options might produce the most
desirable effects. It is also important to keep in
mind that changes in one area may have
repercussions in other areas.

ISSUE 1: Is the current Federal regulatory
framework addressing neurotoxicity ade-
quately?

The Federa regulatory framework has been
built on the foundation established by four
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major Acts. 1) Toxic Substances Control Act; 2)
Federal Insecticide, Fungicide, and Rodenticide
Act; 3) the Federal Food, Drug, and Cosmetic
Act; and 4) Occupational Safety and Health Act.
At least a dozen other acts address general
toxicological concerns. Many of them explicitly
or implicitly mandate regulation of neurotoxic
substances. Options related to this issue are
organized around the Federal agency with lead
responsibility for implementing a particular law.

Environmental Protection Agency

EPA is responsible for implementing two of
the mgjor acts, TSCA and FIFRA, and several

others pertaining to neurotoxic substances, in-
cluding the Clean Air Act; the Federal Water
Pollution Control Act and Clean Water Act; the
Safe Drinking Water Act; the Comprehensive
Environmental Response, Compensation, and
Liability Act; the Marine Protection, Research,
and Sanctuaries Act; and the Resource Conser-
vation and Recovery Act.

Option 1: Take no action.

If no congressional action is taken, EPA will
continue to be responsible for carrying out the
provisions of the existing statutes, which implic-
itly address neurotoxicity in the context of
general toxicological concerns. The degree to
which neurotoxic substances are regulated will
vary according to program priorities, resources,
the expertise of Agency personnel, and interpre-
tation of pertinent laws by Agency officials. To
date, few toxic substances have been regulated
on the basis of known or suspected adverse
effects on the nervous system. Even in the
absence of congressional action, this situation is
likely to change, given greater public and
Agency awareness of neurotoxicological con-
cerns and the institution of new neurotoxicity
testing guidelines under TSCA and FIFRA. For
example, EPA is actively considering requiring
functional observational battery, motor activity,
and neuropathological tests for all new pesti-
cides and for all existing pesticides undergoing
reregistration.

Option 2: Mandate more extensive neurotoxicity
“ testing under TSCA and FIFRA.

neurotoxicity test guidelines developed by
EPA to support regulatory programs mandated
by TSCA and FIFRA will allow the Agency to
require neurotoxicity testing of a wide range of
industrial chemicals and pesticides. The extent
and frequency of testing EPA may require is not
clear at thistime.

If it wishes to mandate additional neurotoxic-
ity testing, Congress could require EPA to test
new and existing chemicals if certain production
volume and human exposure levels are reached
and if structure-activity relationships or other
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information suggests that the substance may be
neurotoxic. Volume and exposure levels can be
effective triggers for testing. Production volume
is currently being used as a trigger by the Federal
Republic of Germany, and this testing approach
has been considered by EPA in the past.
However, triggered testing does have important
limitations-some substances may have potent
neurotoxic effects at low doses. Congress may
also wish to request that EPA consider novel

approaches to obtaining more extensive data
from industry under TSCA, perhaps through the
use of economic incentives. EPA could work
with industry representatives to devise incen-
tives for voluntary neurotoxicity testing. EPA
could al'so work more closely with scientistsin
industry and academia to develop and validate
neurotoxicity tests.

Congress could amend FIFRA, mandating
that new and existing pesticides being consid-
ered for registration undergo neurotoxicity test-
ing under the newer, more extensive guidelines.
This would formalize EPA’s pending policy and
would underscore congressional concern re-
garding the potential adverse effects of neuro-
toxic pesticides on public health. Currently,
EPA plans to require the use of three neurotoxic-
ity tests: the functional observational battery,
motor activity, and neuropathological evalua-
tions. Congress could also mandate that certain
classes of inert ingredients undergo neurotoxic-
ity evaluations as well. Congress may wish to
request that EPA consider developmental neurotoxi-
cological and behavioral testsin addition to the
three core neurotoxicity tests for certain pesti-
cides. Such tests are considered by some scien-
tists to be particularly important in evaluating
the effects of neurotoxic substances on children.
Congress could also mandate that risk assess-
ments devote increased attention to the potential
adverse effects of pesticides on children.

Option 3: Require that EPA and other Federal
agencies revise the confidential business
information provisions of various toxic sub-
stances control laws and regulations to allow
greater access to toxicological information.

Under TSCA, for example, much of the
information submitted to EPA by chemical
manufacturers or processors can be claimed to
be confidential business information. Informa-
tion covered by such a claim cannot be divulged
to anyone outside the small group of EPA
employees who have been granted a special
clearance, primarily selected EPA staff and
contractors. The aim of confidentiality provi-
sions is to prevent commercialy valuable infor-
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mation from being disclosed to the submitter’s
competitors. Other environmental statutes con-
tain similar provisions regarding confidential or
trade secret information.

Toxicity data per se cannot be claimed as
confidential under TSCA, but much of the other
information relevant to assessing toxic risks
can—including the identity of the chemical for
which toxicity data are presented, its physical-
chemical properties, and its intended uses. This
renders the health and safety data of little use to
anyone without a special clearance.

The strong confidentiality provisions in TSCA
can present significant barriers to efficient
regulation. The requirement for a special clear-
ance prevents the use of confidential data by
anyone without a clearance, even if they are
EPA officials or officials of other Federal
agencies who are attempting to regulate the
same chemical or closely related chemicals
under different laws. The limited exchange of
information can lead to duplication of effort,
particularly when several agencies are con-
strained by confidentiality provisions.

The inability to share information, either
inside the government or with outside parties,
often interferes with research efforts. For exam-
ple, much of the information on a chemical’s
structure-activity relationship is covered by
claims that it is confidential business informat-
ion. Scientists in industry, academia, and other
government agencies cannot gain access to this
information, even when it might contain valua-
ble data for developing improved methods of
predicting neurotoxicity and other toxic effects.
At the same time, claims of confidentiality may
prevent EPA from obtaining expert advice or
consensus opinions from academic or industria
scientists.

Public interest groups and other interested
individuals do not have access to information
that would allow them to question-or to
accept—EPA’s actions on many toxic sub-
stances. Nor can individuals take action to
protect themselvesif they do not have access to
information regarding the identity of toxic

chemicals or the products that might contain
them.

Few persons would dispute the need for some
form of protection for trade secrets. However,
many persons believe that there is good reason
to question whether the burden imposed by
strong confidentiality provisions and similar
statutes on the government, the public, and
industry isjustifiable.

Congress could disallow certain kinds of
information, including the precise chemical
identification of a substance and all toxicologi-
ca data on a substance, from claims of confiden-
tiality. It could mandate that more information
about the chemical properties, potentia adverse
effects, and production and release of toxic
substances be made available to the public. It
could amend existing laws or write new laws to
enable sharing of information between Federal
regulatory programs. Congress could aso create
a centralized confidential database, admini-
stered by one designated agency, or a consor-
tium of agencies, and divert all reporting to the
designated agency. In addition, it could require
more extensive labeling of the contents of
chemical products.

Option 4: Take action to provide agricultural
workers with greater protection from the
adver se effects of pesticides.

Congress could amend FIFRA, giving EPA
greater regulatory authority to protect farm-
workers and others from the adverse effects of
pesticides (see box I-E).

Option 5: Mandate that neurotoxicity concerns
be addressed in regulatory activities under
various other laws for which EPA has regula-
tory responsibilities.

Congress could mandate that neurotoxicity
receive greater attention under any or al of the
following laws. the Clean Air Act; the Clean
Water Act; the Safe Drinking Water Act; the
Comprehensive Environmental Response, Com-
pensation, and Liability Act; and the Resource
Conservation and Recovery Act. Each law
addresses toxicological concerns in a different
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Organophosphorous and carbamate insecticides
are the most neurotoxic classes of pesticides used in
the United States and are the most common causes of
agricultural poisoning. They pose a significant threat
to a substantial portion of the 4 to 5 million Americans
who work in agriculture. At the biochemical level, they
may affect humans in the same manner that they affect
the insects for which they are intended-through
inhibition of the enzyme that breaks down the neuro-
transmitter acetylcholine. The acute health effects of
organophosphorous and carbamate insecticides in-
clude hyperactivity, neuromuscular paralysis, visual
problems, breathing difficulty, restlessness, weakness,
dizziness, and possibly convulsions. The organo-
chlorine class of pesticides is also very toxic because
these substances accumulate in the body and cause
persistent overstimulation of the central nervous sys-
tem. Acute or subacute intoxication from organo-

Box |-E—neurotoxic Pesticides
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chlorines produces excitability, apprehension, dizziness, headache, disorientation, confusion, loss of balance,
weakness, muscle twitching, tremors, convulsions, and coma.

What scientific and epidemiological data there are suggest pesticide poisoning prevails despite existing
protective measures. The Environmental Protection Agency (EPA) is aware of the shortcomings of the protections
currently in effect for farmworkers and others who work with pesticides. The Agency has proposed regulations to
improve them, but critics have adready deemed the proposals inadequate. EPA claims to be restricted by the Federa
Insecticide, Fungicide, and Rodenticide Act, which grants the Agency only limited regulatory power. Inadequate
funding has also contributed substantially to the weaknesses of Agency programs.

The possible occurrence of neurobehavioral disorders after chronic low-level exposure or acute poisoning
deserves further study. Neuropsychological assessments of occupational groups have yielded inconsistent results,
perhaps reflecting differences in the type and scope of tests used. Few studies have had an adequate follow-up to
assess the length of impairment. Field studies have not provided sufficient data on levels of pesticidesin children’s
blood or duration of exposure to understand dose-response rel ationships, nor have most studies controlled for age,
education, or other potential confounding factors. Few or no studies have examined exposed workers prospectively,
subgroups of women or aging workers, interactions between pesticides, or interactions between pesticides and

SOURCE: Office of Technology Assessment, 1990.

pharmacologica agents (including ethanol and common medications).

reamer. Congress could take action as these
laws are amended, as funds are appropriated,
and/or through various oversight activities.
Such action might include making specific
reference to neurotoxic substances or the ad-
verse effects of chemicals on the nervous
system, or both, in legislation addressing toxic
substances and requiring that neurotoxic poten-
tial be considered when conducting risk assess-
ments. With respect to FIFRA specificaly,
Congress could mandate that neurotoxic poten-
tial be carefully considered in setting tolerance

levels of pesticide residues in foods. Potential
adverse effects of pesticides on the developing
nervous system could be cited as a particular
concern.

Congress could aso request that EPA review
the effectiveness of agency programs in regulat-
ing neurotoxic substances and examine ap-
proaches to improve existing activities.

Food and Drug Administration

The Federal Food, Drug, and Cosmetic Act
covers awide range of substances. It authorizes
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FDA to require submission of specific toxicity
test data before permitting food additives, drugs,
and other substances to be marketed. This
authority could be used to incorporate neurotox-
icity evaluations in FDA test guidelines or to
require neurotoxicity testing during the applica
tion process if initia toxicological data indicate
potential neurotoxic effects. FDA does not have
authority to require premarket toxicity testing of
cosmetic ingredients.

Option 1: Take no action.

If Congress chooses to take no action, FDA is
likely to continue to address the potential
neurotoxicity of food additives, drugs, and other
substances in the context of general toxicologi-
cal concerns. FDA does not routinely require
specific neurotoxicity testing for food additives
and drugs; instead, it evaluates the potential for
neurotoxic effects in the context of a broad
toxicological profile. Some scientists, including
most FDA officials, believe that specific neuro-
toxicity testing of drugs and food additives is not
necessary and that existing genera toxicological
testing approaches adequately detect adverse
effects on the nervous system. Other scientists
believe that existing general toxicological ap-
proaches are not sensitive enough to detect
many neurotoxic effects and that specific neuro-
toxicity tests are essential for a complete toxico-
logical evaluation.

Option 2: Commission an independent study by
the National Academy of Sciences to deter-
mine whether specific neurotoxicity tests
should be routinely required by FDA in
evaluating the safety of drugs, food additives,
and other substances regulated under FFDCA.

This option would address the issue of the
adequacy of existing testing approaches. Such a
study could include a retrospective analysis to
determine whether conventional toxicological
tests have failed to detect neurotoxic effects. It
could also include a symposium at which
scientists from academia, industry, government,
and elsewhere could present varying views on
this subject and attempt to reach a consensus on
the proper course of action.

Option 3: Mandate more extensive neurotoxicity
testing under FFDCA for drugs, food addi-
tives, and other substances.

Congress could mandate that FDA revise its
““Toxicologica Principles for the Safety Assess-
ment of Direct Food Additives and Color
Additives Used in Food,” commonly referred to
asthe ‘Red Book, ’ to require routine neurotox-
icological screening of new food additives and
to formulate improved processes for postmarked
surveillance of new and existing additives.
Congress could also require that some generally
regarded as safe (GRAS) compounds undergo
neurotoxicity testing. It could require that new
drugs, particularly psychoactive drugs, undergo
increased neurotoxicity testing through the use
of specific neurotoxicological tests. In particu-
lar, Congress could mandate that FDA require
complete neurotoxicity testing of psychoactive
drugs that may be prescribed to children and
pregnant women. Choosing this option would
involve agreeing with scientists who believe that
present toxicological testing practices at FDA
do not adequately address potential adverse
effects on the nervous system and that specific
neurotoxicological tests are necessary to estab-
lish the safety of food additives and drugs.

Option 4: Amend FFDCA to require premarket
toxicity testing of cosmetics and cosmetic
ingredients.

FDA does not have the statutory authority to
require premarket toxicity testing of cosmetics
and cosmetic ingredients. Industry voluntarily
conducts general testing of many products. If
FDA finds that a cosmetic product has not been
adequately tested, it can require that it be
packaged with a warning label stating that ‘the
safety of this product has not been determined. ’
In addition, FDA can take regulatory action
against any poisonous or deleterious substance
in cosmetics. Congress could amend FFDCA to
require that cosmetics and cosmetic ingredients
undergo premarket toxicity tests consistent with
those required of drugs. Testing requirements
could include a screen for neurotoxicological
effects. A general toxicological evaluation, at
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least, would ensure a degree of safety compara-
ble to that of other products regulated under
FFDCA.

Option 5: Mandate more extensive postmarked
surveillance and monitoring of the adverse
effects of drugs, food additives, cosmetics,
and other substances and require that such
information be made more readily available
to the public.

Congress could mandate that FDA substan-
tially expand postmarked surveillance and moni-
toring of the adverse effects, particularly neuro-
toxic effects, of drugs, food additives, cosmet-
ics, and other substances. Congress could man-
date that health-care professionals report ad-
verse effects directly to FDA. Congress could
mandate that surveillance and monitoring data
be made more readily available to the public. It
could aso mandate expanded patient packaging
information in drug products. Additional infor-
mation could be provided to patients on poten-
tial adverse neurotoxic effects of drugs, particu-
larly at higher than recommended doses, and on
adverse effects that should be reported to a
health-care professional (box I-F).

Occupational Safety and Heath Administration

OSHA is authorized under the OSH Act to
regulate toxic substances in the workplace in
order to ensure that no employee suffers mate-
rial impairment of health or functional capacity.
Recently, OSHA promulgated a far-reaching
revision and update of existing standards. The
new standards affect 428 chemicals, lowering
existing permissible exposure limits for 212
substances and establishing new exposure limits
for 164 others. However, in devising the new
standards, OSHA relied to alarge extent on the
recommendations of the American Conference
of Governmental Industrial Hygienists, a private
organization, instead of NIOSH, the Federal
scientific advisory organization on occupational
health issues. The advisability of this approach
is likely to be @ subject of continuing contro-
versy in the occupational health field (box |-G).
The adequacy of OSHA'’s efforts to protect the
Nation’s workers from toxic substances in

general and neurotoxic substances in particular
is a controversia issue. There are varying views
on the extent to which OSHA regulatory actions
take into account neurotoxicological concerns
and the adequacy of industrial programs to
monitor worker exposure to neurotoxic sub-
stances. There is aso the question of why
farmworkers, a segment of the work force that
regularly comes into contact with pesticides
with neurotoxic properties, are not afforded the
same legal protections as most other U.S.
workers.

Option 1: Take no action.

If no congressional action is taken, OSHA
will continue to be responsible for carrying out
the existing provisions of the OSH Act, which
assure that no employee suffers “material
impairment of health or functional capacity. ”
Under these provisions, neurotoxic effects are
implicitly, but not explicitly, covered. There-
fore, the limited attention given to neurotoxicity
will continue to be determined by agency
priorities, resource considerations, public con-
cerns, and the expertise of regulatory officials.

Option 2: Mandate that neurotoxicity concerns
receive greater attention under the OSH Act.

Congress could use the authorization and
appropriations process to communicate to OSHA
its concern regarding neurotoxicity. The current
law could be strengthened by incorporating an
explicit reference to neurotoxic substances or
the adverse effects of chemicals on the nervous
system, or both. Congress could mandate that
Material Safety Data Sheets clearly describe
potential adverse affects on the nervous system.
Congress could encourage industry to assure
that health-care professionals, safety officers,
and employee supervisors are aware of the
neurotoxic potential of the chemicals to which
employees are exposed. In addition, Congress
could request that the General Accounting
Office evaluate the effectiveness of OSHA’s
enforcement program with respect to neurotoxic
substances.
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Box |-F—Limitations of FDA's Postmarked Monitoring System for Adverse Drug Reactions:
Halcion, A Case Sudy

Halcion, the most widely prescribed sleeping medication in the United States, was first approved for use in late
1982 with a recommended usual adult dose of 0.25 to 0.50 mg. Its package insert included mentions of amnesia,
confusion, agitation, and hallucinations as possible side-effects. Over the next few years, FDA’s adverse reaction
monitoring system recorded an excess of adverse reports for Halcion in comparison to other benzodiazepine
hypnotics--even after correcting for market share of the drug. In 1987, as a result of the reports and the apparent
dose-relatedness of some adverse effects, several labeling and marketing changes were made. The usual adult dose
was changed to 0.25 mg, two paragraphs mentioning the apparent dose-relatedness of some side-effects were added
to the package insert, and a“Dear Doctor” letter was issued detailing the labeling changes. In early 1988, Upjohn,
the manufacturer, discontinued the 0.50 mg tablet.

Following these changes, public concern about possible problems associated with Halcion use increased,
largely because of a September 1988 article in California Magazine and a story on the ABC television program
20/20 in February 1989. The number of adverse reports received, which was expected to decline as a result of the
labeling changes and Halcion's status as an “older” drug (the number of adverse reports associated with a drug
normally decreases over time), rose. In September 1989, FDA convened an expert panel to review the reporting data
on Halcion and to discuss whether further changes should be made in the labeling or marketing of the drug.

Discussion at that meeting illustrates the difficulties of drawing conclusions from the spontaneous adverse
reporting process. In a comparison of adverse reports for Halcion (45 million prescriptions written since 1982) with
adverse reports for Restoril (35 million prescriptions written since 1980), a drug prescribed to patients with similar
sleeping problems, the following data were presented:

Total number of reports received by FDA

Adverse event Halcion Restoril
Amnestic events 267 4
Hallucinations, paranoid behavior 241 12
Confusion and delirium 304 17
Hostility and intentional injury 48 2

Overall, an average of 38 adverse reports per million prescriptions was received for Halcion, while 7.5 adverse
reports per million prescriptions were received for Restoril.

These seemingly dramatic results, however, were tempered by myriad complicating variables. The influence
of publicity, differences in reporting rates by manufacturers, lack of dosage information in about one-half of the
adverse reports for Halcion, and **new drug’ v. ‘‘older drug’ effects all obscured the significance of differences
between the sets of data. The 4-week period following the 20/20 episode, for example, produced twice as many
adverse reports for Halcion as the 4-week period preceding the show. The FDA panel finally concurred that the data
were too unreliable to warrant action, except possibly in the case of amnesia

The unreliable data generated by the postmarketing monitoring system now in place effectively limit FDA
review to premarket trials. Unexpected interactions with other medications or long-term side-effects may easily be
missed. This is particularly disturbing from the standpoint of neurotoxicity, since drugs not expected to have
neuropharmacological effects are not necessarily subjected to specific neurotoxicity testing. Changes which could
improve the present system might include a requirement that all adverse report forms be sent directly to FDA as
well as a requirement that physicians submit reports for all **serious’ adverse reactions observed.

Because of the inherent limitations in FDA’s drug approval and adverse reaction monitoring systems, it is
important that physicians and patients be aware of the possible adverse effects of the medications they prescribe
and consume. Drugs are approved for use under certain conditions and at certain doses, and complicating factors
such as age, other medications, or illness may significant y alter the effects of these drugs. In most cases, the decision
to take any medication is a persona choice for the patient; an individual cannot make an informed decision without
access to information about potential adverse effects.

SOURCES: U.S. Department of Health and Human Services, Public Health Service, Food and Drug Administration, Psychopharmacological
Drugs Advisory Committee, Transcript of Proceedings, Thirty-First Meeting (Rockville, MD: September 1989); “When Sleep
Becomes a Nightmare, " 20/20, ABC, Feb. 17, 1989; Pharmaceutical Data Services, ** Top 200 Drugs of 1989," American Druggist,
in press.
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Box 1-G-Organic Solvents in the Workplace

Organic solvents and mixtures of solvents with other organic solvents or other toxic substances are widely used
in the workplace. Millions of workers come into contact with solvents every day through inhalation or contact with
the skin, Some solvents profoundly affect the nervous system. Acute exposure to organic solvents can affect an
individual’s manual dexterity, response speed, coordination, and balance. Chronic exposure of workers may lead
to reduced function of the peripheral nerves and such adverse neurobehavioral effects as fatigue, irritability, loss
of memory, sustained changes in personality or mood, and decreased ability to learn and concentrate.

The National Institute for Occupational Safety and Health (NIOSH) recommends that employers inform and
educate workers about the materials to which they are exposed, potential health risks involved, and work practices
designed to minimize exposure to these substances. NIOSH also recommends that employers assess the conditions
under which workers may be exposed to solvents, develop monitoring programs to evaluate the extent of exposure,
establish medical surveillance for adverse health effects resulting from exposure, and routinely examine the
effectiveness of control methods being employed.

The Occupationa Safety and Health Administration has recently updated the permissible exposure limits for
approximately 428 substances, including many solvents. The new ruling established lower exposure limits for
approximately 212 substances already regulated by the agency. Permissible exposure limits are established for the
first time for another 168 substances, while existing limits for 25 substances are reaffirmed. This marks the first time
in 17 years that a new set of exposure standards has been established. For many companies, meeting the new
standards may require stricter engineering controls or more frequent use of respirators and other personal protective
devices, or both. Continued education of workers, improved methods of preventing exposure, and plans or

SOURCE: Office of Technology Assessment, 1990.

procedures to maintain compliance with the new ruling are required.

Option 3: Mandate increased efforts to monitor
adverse neurological and behavioral effects
of substances in the workplace.

Congress could mandate increased monitor-
ing of adverse neurological and behavioral
effects of toxic substances in the workplace.
This would include enhanced efforts to detect
toxic chemicals and improved reporting of
known or potential adverse effects of chemicals
on the nervous system, including the incidence
of neurological or psychiatric disorders or
diseases. Congress could mandate improved
postmarketing surveillance of new products.

Congress could also mandate that OSHA
conduct a review of its regulatory programs and
examine ways to more effectively protect work-
ers from neurotoxic substances.

Option 4: Mandate the extension to farmwork-
ers of legal rights under the OSH Act.

Congress could mandate the OSH Act to
include farmworkers under its provisions. This
would give workers the right to know about the
toxicity of pesticides and other chemicals to

which they are exposed, access to exposure and
medical records, and protection against retalia-
tion by employers for taking steps to protect
their health. Congress could consider extending
these rights without preempting the more exten-
sive standards that now exist in some States.

Consumer Product Safety Commission

The Consumer Product Safety Commission
(CPSC) is an independent regulatory commis-
sion charged with protecting the public from
“unreasonable risks of injury associated with
consumer products.” Risk of injury is defined as
‘“‘risk of death, personal injury, or serious or
frequent illness” The Federal Hazardous Sub-
stances Act provides for the protection of public
health by requiring that hazardous substances be
labeled with various warnings, depending on the
nature of the hazard. The Poison Prevention
Packaging Act requires that CPSC prevent
inadvertent poisoning of small children by
specially packaging hazardous substances to
make it “significantly difficult for children
under 5 years of age to open or obtain a toxic or
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harmful amount of the substance therein within
areasonabletime.’

Option 1: Take no action.

Present laws treat neurotoxic substances in
the context of general toxicological concerns.
Therefore, the degree to which CPSC specifi-
cally addresses neurotoxic substances depends
on program priorities, resources, and the exper-
tise of regulatory officials. Views regarding
CPSC’s current degree of concern about neuro-
toxic effects vary.

Option 2: Mandate that neurotoxicity concerns
receive greater attention under various Fed-
eral laws for which CPSC has regulatory
responsibilities.

Congress could mandate that a private commis-
sion or organization examine the effectiveness
of CPSC’s present regulatory activities in pro-
tecting the public, especially high-risk groups
such as children, from neurotoxic and other
toxic substances. In addition, congressional
authorization and appropriations committees
could request that CPSC programs place a
higher priority on concerns related to the
adverse effects of toxic substances on the
nervous system, including a requirement that the
Commission ensure that products with neuro-
toxic potential be clearly labeled.

Department of Housing and Urban Development

The Lead-Based Paint Poisoning Prevention
Act of 1971 required that the Department of
Housing and Urban Development (HUD) elimi-
nate as far as practicable the hazards of lead
paint in existing houses, and mandated that the
Department promulgate necessary regulations.
However, the General Accounting Office re-
ported in 1981 that HUD had not fulfilled its
responsibility to eliminate lead-based paint in
Federal housing. Following litigation and a
court order, HUD revised its regulations in 1986
and 1987, and in 1988 Congress amended that
Act requiring that HUD promulgate additional
regulations to address the problem.

Option 1: Take no action.

HUD is making progress in meeting congres-
sional mandates to address |ead-based paint in
housing, however, the pace of progressis slow.
In the absence of congressional action, HUD
will continue to move forward, but large num-
bers of children will continue to be exposed to
lead-based paint in older homes.

Option 2: Amend the Lead-Based Paint Poison-
ing Prevention Act to better address the
problem of lead paint in older homes.

If Congress wished to take action to expedite
removal of lead-based paint from older homes,
it could amend the had-Based Paint Poisoning
Prevention Act establishing new programs to
address the problem and providing funds to
support paint removal efforts.

Option 3: Establish a major new program to
provide findingor the removal of lead-based
paint from older homes.

Congress may wish to enact a new law to
facilitate removal of lead-based paint from older
homes. One proposal recently developed by the
Environmental Defense Fund (EDF) recom-
mends establishment of a trust fund financed by
an excise fee on the production and importation
of lead. The EDF proposal calls for a program
jointly administered by EPA and the Depart-
ment of Health and Human Services.

ISSUE 2: Is the current Federal research
framework addressing neurotoxicity ade-
quately?

The current Federal research framework for
addressing neurotoxicity is composed of major
extramura programs sponsored by NIH and
ADAMHA. A sizable intramural program is
located at EPA, and more limited intramural
programs are under way at ADAMHA and NIH.
FDA has a substantial developmental neurotoxi-
cology program at its National Center for
Toxicological Research, but research efforts
elsewhere are very limited in scope. OTA found
that, in general, Federal research programs are
not adequately addressing neurotoxicological
concerns.
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Environmental Protection Agency

EPA has alarge intramural research program
devoted to environmental neurotoxicology. Al-
though the Agency has a small extramura grants
program, it is not currently supporting any
projects in which neurotoxicology is a maor
focus. EPA supports intramural program initia-
tives through a small number of contracts and
cooperative agreements.

Option 1: Take no action.

Without congressional action, EPA intramu-
ral programs will continue at moderate levels.
However, in the absence of an Agency policy
change, lack of funding for supplies and equip-
ment may continue to hamper some research
efforts. Failure to expand EPA’s intramural
program will make it difficult to move into new,
priority areas such as the development of in vitro
neurotoxicity testing approaches and the analy-
sis of structure-activity relationships of chemi-
cals.

Option 2: Provide funding for expansion of
intramural research programs.

Congress could choose to provide greater
support to EPA’s Office of Research and
Development to fund additional research in the
environmental neurotoxicology field. Budget
increases would also alleviate problems associ-
ated with the lack of funds for supplies and
equipment. Substantial increases would allow
EPA to move into new areas of research that
would strengthen its regulatory capabilities,
including its efforts to understand the relation-
ship between chemica structure and neurotoxic
effects and further development and validation
of neurotoxicity testing protocols, particularly
in vitro and developmental tests.

Option 3: Provide funding for extramural grant
programs to support neurotoxicological and
neuroepidemiological research.

EPA’s total extramural grants program for
environmental issues is small; fiscal year 1989
funding for the entire program (addressing all
environmental concerns) was $8.2 million to

support individual academic investigators and
$4.5 million to support eight Environmental
Research Centers (in addition, the Superfund
program provides $2.5 million in grants to
investigators and $5.0 million to support five
hazardous substances research centers). Cur-
rently, EPA is funding no neurotoxicology-
related research grants to individual investiga-
tors through its extramural program. Federa
research programs are normally composed of
both intramural and extramural efforts. extra-
mural programs enable talented investigatorsin
academia and elsewhere to carry out research of
interest to the sponsoring agency. They also
allow an agency to complement its short-term
intramural efforts, required to meet regulatory
needs, with long-term studies that will help
guide future research.

EPA is considering substantial expansion of
its extramural programs. Congress could sup-
port such expansion or mandate programs that
go beyond EPA’s plans, or both. A grants
program in neurotoxicology would greatly im-
prove the scientific foundation of the Agency’s
regulatory decisionmaking. Areas that would
particularly benefit from increased support are
monitoring and neuroepidemiology, which aid
in tracking the contribution of environmental
contaminants to adverse human effects, includ-
ing neurological and psychiatric disorders. In
addition, extramural research designed to im-
prove the Agency’s ability to predict neurotoxic
effects (e.g., through a better understanding of
chemical structure-activity relationships) would
greatly benefit regulatory programs. Research
on the neurotoxicological properties of specific
substances would aid in regulatory decision-
making, and would enhance the Agency’s
ability to understand and predict the neurotoxic-
ity of other substances.

National Institutes of Health

NIH supported more than 200 neurotoxicology-
related research projects in fiscal year 1988.
Most of the projects were extramural competi-
tive grants to investigators in public and private
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ingtitutions. A few intramura projects were
conducted.

Option 1: Take no action.

In the absence of congressional action, NIH
will continue to conduct limited intramural
research related to neurotoxicology, primarily at
the National Institute of Neurological Disorders
and Stroke (NINDS) and the National Institute
on Deafness and Other Communication Disor-
ders (NIDCD). The very small intramura re-
search effort in environmental neurotoxicology
at NIEHS might be enhanced. Institute manag-
ers could require that existing basic neuro-
science research efforts change their focus to
neurotoxicological  concerns.

Extramural programs that fund neurotoxicologi-
cal research projects are sponsored by several
Institutes, particularly the three mentioned above.
Without congressional action, these programs
will continue to fund a core group of neurotoxi-
cologists in academia at moderate levels. It is
unlikely that the number of individual research
projects funded would increase significantly.

Option 2: Enhance National Institutes of Health
resear ch efforts related to neurotoxicology,

If Congress wishes to enhance the NIH effort,
it could mandate development of a 5-year plan
to address neurotoxicological concerns. Such a
plan could include an analysis of current NIH
intramural and extramural programs, as well as
development of an integrated and comprehen-
sive approach to neurotoxicological researchin
the years ahead. NIH would aso benefit from an
outside review of the missions of individual
Institutes and the current intramural and extra-
mural programs supporting those missions.
Increased interaction among Institutes and be-
tween Institutes and other Federal agencies
would improve NIH’s response to neurotoxicity
concerns. Congress could expand the 5-year
plan to include all relevant programs in the
Department of Heath and Human Services.
This would include NIH, ADAMHA, FDA,
NIOSH, the Agency for Toxic Substances and
Disease Control, and other organizations. De-

velopment of such a plan would lead to a
coordinated Federal effort to address the neuro-
toxicity issue.

Congress could provide additiona funding to
NIH to expand extramural grant programs,
allowing various Institutes to enhance research
efforts on such subjects as the mechanisms by
which drugs cause adverse neurotoxic effects,
the mechanisms by which environmental con-
taminants adversely affect the nervous system,
and the extent to which toxic substances contrib-
ute to neurological and psychiatric disorders.
High-priority research goas might include the
structure-activity relationships of toxic chemi-
cals, the vulnerability of developing and aging
nervous systems to toxic substances, and the
variation in sensitivity of individuals to these
substances.

Congress could fund additional intramural
research into high-priority areas of neurotoxi-
cology research. It could also mandate rees-
tablishment of an intramura neurobehavioral
toxicology program at the National Institute of
Environmental Health Sciences and request that
the National Toxicology Program give a higher
priority to neurotoxicity concerns.

Alcohol, Drug Abuse, and Mental Health
Administration

ADAMHA funds extensive neurotoxicity re-
search at all three of its Ingtitutes (OTA has
excluded research on alcohol and acoholism
from this study). The National Institute on Drug
Abuse (NIDA) and the Nationa Institute of
Mental Health (NIMH) both fund a substantial
number of extramural research grants. Intramu-
a research programs related to neurotoxicol-
ogy are somewhat limited in size and scope.

Option 1: Take no action.

If Congress chooses to take no action,
ADAMHA programs will continue at moderate
levels. However, without budget increases or
significant reprogramming of funds, it will be
difficult for these institutes to expand research
efforts in the neurotoxicology field.
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Option 2: Encourage greater research empha-
sis on the impact of abused drugs on the
nervous system and on the potential contribu-
tions of toxic substances to neuropsychiatric
disorders.

Congress may wish to encourage ADAMHA
to devote increased resources to the potential
long-term and permanent adverse effects of drug
abuse, particularly the effects of maternal drug
abuse on the developing nervous system of the
fetus. Congress could also encourage greater
emphasis on research to understand the mecha
nism by which psychoactive drugs and other
therapeutic drugs act on the central nervous
system, and particularly on how to prevent
moderate to severe adverse side-effects of these
drugs. ADAMHA could aso focus more atten-
tion on neurotoxicity issues associated with the
use of multiple psychoactive drugs for long
periods of time by the elderly. Research ad-
vances in these areas would promote the devel-
opment of safer, more effective drugs. Congress
could support expanded research on the bio-
chemical processes underlying addiction to
abused drugs at NIDA’'s Addiction Research
Center.

Food and Drug Administration

Research programs within FDA are con-
ducted at the National Center for Toxicological
Research (NCTR) in Jefferson, Arkansas, and at
the Center for Food Safety and Applied Nutri-
tion in Washington, D.C. Research programs
related to neurotoxicology are very small, with
the exception of the intramural developmental
neurotoxicology research program at NCTR.

Option 1: Take no action.

Without congressional action, neurotoxicol-
ogy research programs within FDA will remain
very limited in scope. Relatively little research
is currently devoted to neurotoxicological con-
cerns. This is of particular significance because
so many substances regulated under the Food,
Drug, and Cosmetic Act have neurotoxic poten-
tial. Although some funds, particularly at NCTR,
could be redirected to this area, present fiscal

limitations on FDA research leave little room
for flexibility.

Option 2: Provide funding to expand or initiate
intramural and extramural research pro-
grams related to the adverse effects on the
nervous system of drugs, cosmetics, food
additives, naturally occurring toxic substances
in food, and other substances.

Congress could choose to provide FDA with
funds to support both intramural and extramural
research related to the potential neurotoxic
effects of substances regulated under FFDCA. A
sizable research effort in this area would sub-
stantially improve FDA'’s ability to protect
public health through an improved understand-
ing of the effects of toxic substances on the
nervous system. To promote substantive re-
search efforts in critical areas, Congress could
consider establishing research centers at aca
demic ingtitutions to focus on specific neurotoxi-
cological concerns (e.g., structure-activity rela-
tionships, development of neurotoxicological
tests, epidemiologica studies, mechanisms of
action). Congress could also provide funds to
support a major neurotoxicology research unit
within FDA.

Nationa Ingtitute for Occupational Safety
and Health

NIOSH, located within CDC, has identified
neurotoxic disorders as one of the Nation’s 10
leading causes of work-related disease and
injury. To aid in understanding the extent and
nature of this problem, NIOSH supports a small
number of intramural and extramural research
activities. The intramural program is devoted
primarily to evaluation of testing approaches
and to anaysis of selected neurotoxic sub-
stances found in the workplace. The NIOSH
extramural program funds a very small number
of grants devoted to understanding the mecha-
nisms by which toxic substances adversely
affect the nervous system.

Option 1. Take no action.

If no action is taken, NIOSH research pro-
grams related to neurotoxicity will continue at a
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low level. Given the magnitude of the problem
of exposure to neurotoxic substances in the
workplace, the present level of effort will not
ensure an adequate database to support the
anticipated needs of the Occupational Safety
and Health Administration.

Option 2: Expand intramural and extramural
neurobehavioral research programs at NIOSH.

This option would lead to improvements in
understanding the extent to which workers are
exposed to neurotoxic substances, the mecha-
nisms by which these substances exert adverse
effects, and means of preventing exposures in
the workplace. Substantive increases in funding
for research would provide a better foundation
for OSHA’s regulatory activities related to
neurotoxicity. Priority research needs include a
better understanding of dose-response relation-
ships, mechanisms of action, and structure-
activity relationships. Methods for evauating
worker exposures need to be developed, im-
proved, and validated. Epidemiological studies
are needed to reveal the extent of workplace
exposure to neurotoxic substances and the
contribution of such exposure to neurological,
psychiatric, and other disorders and injuries.
More research is needed on latent neurological
disorders that may result from chronic, low-
level exposure to neurotoxic substances.

Substantially increased NIOSH funding of
extramural neurotoxicology and neurobehav-
ioral research would improve scientific under-
standing of workers' exposure to toxic chemi-
cals. Such an increase would encourage research
scientists to enter the field of environmental
neurotoxicology by supporting laboratories that
focus on occupational health issues. It would
also be an important source of training for
physicians.

Other Federal Agencies and Organizations

Other Federal agencies and organizations that
undertake neurotoxicity-related research include
the Center for Environmental Health and Injury
Control and the National Center for Health
Statistics within CDC, the Agency for Toxic

Substances and Disease Registry, the Depart-
ment of Energy, the Department of Agriculture,
the Department of Veterans Affairs, and the
National Aeronautics and Space Administra-
tion. The Department of Defense conducts
neurotoxicology -related research, particularly
as it relates to chemical warfare; however,
defense-related research is not included in this
report. The National Science Foundation pres-
ently supports very little research in this area.

Option 1: Take no action.

If Congress chooses to take no action, small
research programs in these organizations are
likely to continue. In some of them, limited
efforts may be appropriate; in others, particu-
larly those within DHHS, small efforts may
hamper the ability of other agencies and individ-
uals to address neurotoxicity-related issues. For
example, the National Center for Health Statis-
tics provides most of the current information on
the prevalence, mortality, and morbidity associ-
ated with neurological and other diseasesin the
United States. Because of budget cuts in recent
years, neuroepidemiologists have had difficulty
in obtaining the statistical information neces-
sary for studies of how neurotoxic substances
contribute to neurological and psychiatric disor-
ders.

Option 2: Mandate that various Federal organi-
zations and agencies undertake or expand
research programs addressing neurotoxicity -
related concerns.

Several organizations could support research
efforts in neurotoxicology that would enhance
their own programs and those of others. Con-
gress could mandate that these agencies adjust
program priorities to better address neurotoxicity-
related concerns, it could selectively provide
increased funds for these programs, or it could
do both. For example, enhanced efforts at the
Center for Environmental Health and Injury
Control, National Center for Health Statistics,
and Agency for Toxic Substances and Disease
Registry would benefit many Federal and State
agencies and would provide support to academic
investigators. The Department of Energy has
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recently reemphasized research on the toxico-
logical effects of chemicals. Its existing pro-
grams are focused on nuclear-related health
concerns, support of nonnuclear, neurotoxicity -
related research is minimal. Studies of the
neurotoxic substances generated by energy-
producing technologies would be beneficial.
The National Science Foundation could spur
academic research into the mechanisms by
which toxic substances adversely affect the
nervous system by providing support for basic
research in the neurotoxicology field,

ISSUE 3: Should Congress take steps to
improve interagency coordination of Fed-
eral research and regulatory programs
related to neurotoxicity?

Until recently there was little coordination of
Federal research and regulatory programs re-
lated to neurotoxic substances. At a workshop
sponsored by OTA and EPA, representatives of
various Federal agencies decided to establish an
Interagency Working Group on neurotoxicol-
ogy'to aid in interagency coordination.

Option 1: Take no action.

Without congressional action, the new inter-
agency coordinating group may succeed in
enhancing the exchange of regulatory and re-
search information among Federal agencies.
The success of an initiative of this kind is largely
determined by the willingness of senior agency
administrators, program managers, and tech-
nical personnel to participate and voluntarily
share information. Whether an adequate level of
interest will be maintained is not clear. Another
important question is whether the group will
have sufficient support at the senior manage-
ment levelsto carry out research and regulatory
initiatives.

Option 2: Mandate and formalize the establish-
ment of an organization to foster coordina-
tion of Federal interagency research and

regulatory programs related to neurotoxicol-
ogy.

Congress could formalize the existing inter-
agency coordinating group by mandating establish-
ment of an organization to ensure maximum use
of U.S. research and regulatory resources.
Congress could mandate that al significant
Federal programs be represented in the organi-
zation, and it could require the submission of a
report every 5 years on the state of the Federal
neurotoxicology research and regulatory effort.
This interagency organization would benefit
from a board of advisors from academia, indus-
try, and elsewhere who could evaluate existing
programs and provide guidance on future direc-
tions. Choosing this option would require the
redirection of existing agency funds or the
appropriation of new funds.

ISSUE 4: Are current Federal educational
and research policies and programs ensur-
ing an appropriate number of adequately
trained research and health-care profes-
sionals to address neurotoxicity concerns?

A significant portion of our current under-
standing of the effects of toxic substances on the
nervous system comes from application of basic
research to environmental health problems.
However, too few scientists are trained in both
neuroscience and toxicology to provide an
adequate supply of neurotoxicologists. In addi-
tion, other environmental health professionals
are needed to address neurotoxicological con-
cerns, including neuroepidemiologists, occupa-
tional physicians, and nurses with training in
neurotoxicology.

Option 1: Take no action.

Without congressional action, the focus of
federally supported training programs will con-
tinue to be determined by individual agencies,
and funding will continue at low levels. Inade-
guate Federal support of training is partly
responsible for the shortage of adequately

10n Oct. 26, 1989, the name was changed t. the “Interagency Committee on Neurotoxicology " (ICON). The committee is administered through
the neurotoxicology Division of EPA’s Health Effects Research Laboratory in Research Triangle Park, NC.
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trained research and health-care professionas in
the field of neurotoxicology.

Option 2: Take steps to encourage individuals to
establish careers in research and health-care
fields that address toxicological, particularly
neurotoxicological, concerns.

If Congress wishes to take this approach, it
could mandate expansion of pre- and post-
doctora research training programs in neurotox-
icology by increasing the number of training
grants to individuals and/or research centers.
This would primarily involve expansion of
existing programs supported by NIH and NIOSH.
Congress could encourage training of medical
students in occupational medicine, including
course work in neurotoxicology. It could pro-
mote training of graduate students in neurotoxi-
cology by providing additional funds to NIH,
ADAMHA, and NIOSH for this purpose or by
funding a new training program that would be
administered by EPA. It could also encourage
physician residency training in occupational
medicine by increasing the funds (through Title
VIl of the Health Professionals Education Act)
for establishing such programs. Findly, it could
encourage training of occupational safety and
health specialists through continued or in-
creased funding of the NIOSH training grants
program, in particular the Educational Resource
Centers.

| SSUE 5: Areworkersand the public recelv-
ing sufficient information to allow them to
make informed decisions about exposure
to neurotoxic substances?

Preventing adverse effects of exposure to
neurotoxic substances depends largely on un-
derstanding the threat that neurotoxic sub-
stances pose to human health and knowing how
to limit exposure to these substances. In recent
years, Congress has taken steps to increase the
guantity and quality of information available to
the public concerning health risks posed by toxic
substances. For example, the Federal Emer-
gency Planning and Community Right-to-Know
Act of 1986 has resulted in a large database,
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Respirators may be useful in minimizing exposure to
solvent vapors when engineering or work practice controls
are inadequate.

accessible to the public, on the release of more
than 300 toxic chemicals at facilities throughout
the United States. In 1987, the Department of
Labor expanded the OSHA hazard communica-
tion standard. This standard gives employees the
right to know what chemicals they may encoun-
ter in the workplace. In genera, information is
transmitted through hazard communication pro-
grams, which use labels on containers and other
warning signs, post appropriate safety informa-
tion, including material safety data sheets; and
train and educate employees about the chemical
properties and hazardous effects of the toxic
substances to which they are or may be exposed.

Option 1. Take no action.
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In the absence of congressional action, exist-
ing hazard communication and right-to-know
laws will provide the public and workers with
useful information about the health risks posed
by neurotoxic substances. The relevance of this
information to neurotoxicity concerns will con-
tinue to be determined to a large degree by the
perceptions and priorities of officials in the
various agencies with regulatory responsibili-
ties. Federally mandated worker information
programs tend to focus on the carcinogenic and
teratogenic potential of toxic substances; non-
cancer hedlth risks such as neurotoxicity tend to
receive less attention, even though they may
pose an equal or greater health threat.

Option 2: Take action to ensure that the risks
posed by neurotoxic substances are explicitly
described to the public through hazard com-
munication and right-to-know laws.

Choosing this option will result in enhanced
communication of neurotoxic health risks to the
public. Congress could require that information
provided to workers under the Hazardous Communi-
cation Standards of the Occupational Safety and
Health Act include a description of significant
hazards posed by neurotoxic substances, and it
could mandate improved enforcement of the
hazardous communication provisions of this
Act. Congress could also require that neurotox-
icity concerns be explicitly addressed in infor-
mation developed and released under the Fed-
eral Emergency Planning and Community Right-
to-Know Act. Information on trends in annual
data would also be useful in monitoring pro-
gress, in limiting releases, and in minimizing
public exposure.

Option 3: Take additional steps to inform the
public of the short- and long-term adverse
effects of abuse of psychoactive drugs on the
nervous system.

Congress could provide NIDA with funding
for an aggressive campaign to inform the public
of the potential long-term consequences of drug
abuse on the nervous system. Congress could
mandate that particular attention be devoted to
the abuse of psychoactive drugs by pregnant

women and the severe effects these substances
may have on the nervous system of the develop-
ing fetus.

Option 4: Mandate improved labeling of con-
sumer products with respect to potential
neurotoxic effects.

Congress could take steps to assure that
substances purchased by consumers that have
neurotoxic potential are appropriately labeled
and contain appropriate warnings when neces-
sary. Congress could request that agencies
devote particular attention to substances that

i
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may adversely affect the developing nervous
system.

In addition, Congress could mandate that all
toxic product ingredients, including those some-
times referred to as ‘inert’ substances, be listed
on product labels. Thisis particularly important
with respect to pesticide products.

ISSUE 6: Should the United States more
actively encourage and participate in inter-
national regulatory and research programs
related to neurotoxic substances, and
should the United States revise its policies
with regard to the export of neurotoxic
substances?

The adverse effects on the nervous system of
occupational and environmental exposure to
toxic chemicals are a maor problem in the
developing regions of the world. The United
States is the leader in the international research
effort to understand the health risks posed by
neurotoxic substances. Because of this exper-
tise, many persons believe that the United States
should participate more actively in cooperative
international efforts to address the problem. In
addition, many question current U.S. policies
regarding the export of neurotoxic substances
that have been banned, severely restricted, or
never registered for domestic use.

Option 1: Take no action.

At the present time, U.S. scientists actively
participate in international conferences pertain-
ing to toxic substances and human health risks.
To a more limited extent, public and private
agencies in the United States and foreign
countries cooperate in research and regulatory
activities. In the absence of congressional ac-
tion, informal international activities will con-
tinue, but significant formal arrangements for
coordinating research and regulatory efforts are
unlikely.

Even though the United States is capable of
training individuals from foreign countries in
the fields of neurotoxicology and neuroepidemi-
ology, it is very difficult for U.S. academic

institutions to obtain funds to support such
efforts. In the absence of congressional action,
little funding will be available for training of this
kind.

Without congressional action, the United
States will continue to export neurotoxic sub-
stances that are banned, severely restricted, or
never registered for use in this country. Persons
who support current export policies believe that
such practices are appropriate as long as the
health risks posed by the chemica are communi-
cated to the receiving country. Persons who
oppose these policies believe that, despite ef-
forts at hazard communication, many receiving
nations do not have the expertise to judge the
nature of the health risks; further, they argue that
risk-related information is often not adequately
communicated to users. The use of banned,
severely restricted, or never-registered pesti-
cidesin developing countries is often cited as a
particular problem.

Option 2: Encourage Federal agenciesto initi-
ate and participate in joint international
testing efforts to evaluate the toxicity of new
and existing chemicals.

Because so many chemicals have not been
adequately tested for neurotoxicity, some per-
sons believe it would be advantageous to test
certain chemicals under joint international agree-
ments. If standardized testing procedures could
be agreed on, such an approach might result in
a more equitable sharing of the chemical testing
burden throughout the international community.
The International Program on Chemical Safety
(ajoint venture of the United Nations Environ-
ment Program, the International Labor Organi-
zation, and the World Health Organization) has
sponsored efforts to develop methods for assess-
ing the neurotoxic effects of exposure to chemi-
cals. Congress could encourage and support
international programs of this kind. It could also
encourage the development of an international
toxicity database accessible to developing coun-
tries a minimal cost.

Option 3: Provide or redirect finding to encour-
age neurotoxicological and epidemiological
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research and information exchange between
public and private U.S. organizations and
those offoreign nations.

This option would promote international
programs to evaluate the health risks posed by
neurotoxic substances and would encourage
cooperative efforts to minimize human exposure
to chemicals and naturally occurring substances
that pose a public health risk. It is currently
difficult for U.S. researchers to obtain grant
support for projects involving international
collaboration. Modest funding to encourage
such collaboration would lead to mutually
beneficial research efforts. U.S. neurotoxicolo-
gists and other scientists have few contacts in
Third World countries, where their expertise
could promote research and training of foreign
personnel. Creation of a grants program to foster
these relationships would not only respond to
these needs, but also enlarge the perspective of
U.S. scientists and promote international coop-
eration.

This option would encourage Federal agen-
cies to provide grant support to academic
institutions for partial sponsorship of interna-
tional conferences and working groups on
neurotoxicological questions. In addition, Con-
gress could encourage continued U.S. participa-
tion in international toxicological research and
policy planning activities. In particular, it could
encourage the design and implementation of
educational programs to inform people in devel-
oping countries about the risks posed by expo-
sure to neurotoxic substances.

Option 4: Allow academic institutions receiving
Federal funds for training grants to use a
designated percentage of funds to support
non-U.S. residents.

At the present time, NIH can support foreign
research fellows through various mechanisms;
however, Federal funds are not available to help
support foreign students at U.S. academic insti-
tutions. Allowing U.S. institutions to use a
designated percentage of training funds to
support non-U.S. nationals and residents would

facilitate the exchange of graduate students and
postdoctoral fellows and aid foreign nations in
developing their own research and regulatory
programs. Congress could also make Federal
funds available to encourage public and private
institutions to sponsor research and training of
persons in developing countries by U.S. person-
nel working in those countries.

Option 5. Revise existing laws governing the
export of hazardous substances.

Congress could take action under various
laws to ensure that regulations limiting the
exposure of U.S. citizens to toxic substances are
extended to individuals in foreign nations. This
could involve prohibiting or limiting the export
of neurotoxic substances that are banned, se-
verely restricted, or never registered for domes-
tic use. Such action would address the ethical
concerns of persons who believe that current
policies place the United States in a position of
profiting from the export of chemicals that are
considered to be too hazardous for domestic use.
It would also help to minimize the exposure of
U.S. citizens to hazardous chemicals through the
import of foods, food products, and other
consumer goods containing toxic substances
that have been banned, severely restricted, or
never registered in the United States.

Specifically with respect to pesticides, Con-
gress could take steps to ban or restrict the
export of those products that are not registered
in the United States. It could prohibit or restrict
the export of particularly hazardous pesticides
to countries that do not have adequate regula
tory, monitoring, and public and worker health
protection programs. Congress could also re-
quire proper labeling of all exported pesticide
products, including clearly written warnings in
appropriate languages. Warning labels could be
required to include the use of generaly under-
stood poison and health protection symbols.
Steps could be taken to prohibit or restrict the
import of food products containing the residues
of pesticides not registered for use in the United
States.
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‘*Chemicals are an everyday fact of life in modern society. They enhance our lives in ways too humerous to
count, but progress has its price, and too often the price of the role of chemicals in our society is human illness
and disease.

Representative Harold L. Volkmer
Committee on Science and Technology
U.S. House of Representatives

October 8, 1985

““Nervous system dysfunction during advanced age seems destined to become the dominant disease entity of
the twenty-first century. Neither I, nor anyone €else, can tell you how much of that dysfunction might be
attributable to toxic chemicals in the environment. So far, hardly anyone has looked. ”

Bernard Weiss, Ph.D.

Testimony before the Committee on Science and Technology
U.S. House of Representatives

October 8, 1985
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Chemicals are an integral part of our daily lives
and are responsible for substantially improving
them. Yet chemicals can also endanger our health,
even our survival. This report focuses on neurotoxic
substances, those chemicals that adversely affect the
nervous system. Included among such substances
areindustrial chemicals, pesticides, therapeutic drugs,
abused drugs, foods, food additives, cosmetic ingre-
dients, and naturally occurring substances. Whether
a substance causes an adverse health effect depends
on many factors, including the toxicity of the
substance, the extent of exposure, and an individ-
ual’s age and state of health. Minimizing public
health risks reguires knowledge about the properties
and mechanisms of action of potentialy toxic
substances to which humans may be exposed. This
knowledge provides the foundation for safety stan-
dards.

More than 65,000 chemicals are in the Environ-
mental Protection Agency’s (EPA’S) inventory of
toxic chemicals, and each year the Agency receives
approximately 1,500 notices of intent to manufac-
ture new substances (30). Since few of these
chemicals have been tested to determine if they
adversely affect the nervous system (or other sys-
tems), no precise figures are available on the total
number of chemicals in existence that are potentially
neurotoxic to humans. Some estimates have been
developed, however, based on analyses of certain
subsets of chemicals. These estimates vary consider-
ably, depending on the definition of neurotoxicity
used and the subset of substances examined. For
example, some 600 active pesticide ingredients are
registered with EPA (27), a large percentage of
which are neurotoxic to varying degrees. One
investigator estimated that 3 to 5 percent of indus-
trial chemicals, excluding pesticides, have neuro-
toxic potential (41). Another investigator found that
28 percent of industrial chemicals for which occupa-
tional exposure standards have aready been devel-
oped demonstrate neurotoxic effects (1). In addition,
a substantial number of therapeutic drugs and many
abused drugs have neurotoxic potential.

Human exposure to most known neurotoxic
substances is normally quite limited. Consequently,
the number of substances that pose an actual threat
to public health is considerably less than the total
-2
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number of neurotoxic substances in existence. The
number of neurotoxic substances that pose a
significant public health risk is unknown because
the potential neurotoxicity of only a small num-
ber of chemicals has been evaluated adequately.

WHAT IS neurotoxiclTY?

The nervous system comprises the brain, the
spina cord, and a vast array of nerves that control
major body functions. Movement, thought, vision,
hearing, speech, heart function, respiration, and
numerous other physiological processes are con-
trolled by this complex network of nerve processes,
transmitters, hormones, receptors, and channels.

This 15 your brain,

s 1s drugs.

this 1s your Drawn on drugs.

Partnershi For A DrugFree America

Photo credit: Advertising Partnership for a Drug-Free America, Inc.
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Although every major body system can be ad-
versely affected by toxic substances, the nervous
system is particularly vulnerable to them. Unlike
many other types of cells, nerves have a limited
capacity to regenerate. Also, many toxic substances
have an affinity for lipids, fat-like substances that
make up about 50 percent of the dry weight of the
brain, compared to 6 to 20 percent of other organs

8.

Many toxic substances can alter the normal
activity of the nervous system. Some produce effects
that occur almost immediately and last for a period
of several hours. examples include a drug that
prevents seizures, an alcoholic beverage, and fumes
from a can of paint. The effects of other neurotoxic
substances may appear only after repeated exposures
over weeks or even years, for example, regularly
breathing the fumes of a solvent in the workplace or
eating food or drinking water contaminated with
lead. Some substances can permanently damage the
nervous system after a single exposure: certain
organophosphorous pesticides and metal compounds
such as trimethyl tin are examples. Other substances,
including abused drugs such as heroin and cocaine,
may lead to addiction, a long-term adverse alteration
of nervous system function. Many neurotoxic sub-
stances can cause death when absorbed, inhaled, or
ingested in sufficiently large quantities.

Care must be taken in labeling a substance
neurotoxic because factors such as dose and in-
tended effects must be taken into consideration. A
substance may be safe and beneficial atone concen-
tration but neurotoxic at another. For example,
vitamins A and B.are required in the diet in trace
amounts, yet both cause neurotoxic effectsin large
doses (50). In other cases, a substance that is known
to be neurotoxic may confer benefits that are viewed
as outweighing the adverse effects. For example,
thousands of individuals suffering from schizophre-
nia have been able to live relatively normal lives
because of the beneficia effects of the antipsychotic
drugs. However, chronic use of prescribed doses of
some of these drugs may give rise to tardive
dyskinesia-involuntary movements of the face,
tongue, and limbs—side-effects so severe that they
may incapacitate the patient (50).

Another factor that complicates efforts to evaluate
neurotoxicity is the potential additive effects of toxic
substances. For example, independent exposure to
two toxic substances may lead to no observable

adverse effects, but simultaneous exposure could
result in damage to the nervous system. In addition,
the body has an effective but limited capacity for
detoxifying many chemical agents. Some chemicals
thought to be relatively nontoxic may cause adverse
effectsif exposure occurs after the body’ s detoxify-
ing systems have been saturated (17). Such situa-
tions might occur following chronic exposure to a
complex mixture of chemicals in the workplace or to
chemicals at hazardous waste sites.

Broadly defined, any substance is considered to
have neurctoxic potential if it adversely affects any
of the structural or functional components of the
nervous system. At the molecular level, a substance
might interfere with protein synthesis in certain
nerve cells, leading to reduced production of a
neurotransmitter and brain dysfunction. At the
cellular level, a substance might alter the flow of
ions (charged molecules such as sodium and potas-
sium) across the cell membrane, thereby perturbing
the transmission of information between nerve cells.
Substances that adversely affect sensory or motor
functions, disrupt learning and memory processes,
or cause detrimental behavioral effects are neuro-
toxic, even if the underlying molecular and cellular
effects on the nervous system have not been
identified. Exposure of children to lead, for example,
leads to deficitsin |.Q. and poor academic achieve-
ment (40). Behavioral effects are sometimes the
earliest signs of exposure to neurotoxic substances
(56). In addition, there is evidence that the adverse
effects of some toxic substance-induced neurodegen-
erative diseases may not become apparent until
years after exposure (49).

For the purposes of this study, the Office of
Technology Assessment (OTA) defines neurotoxic-
ity or a neurotoxic effect as an adverse change in
the structure or function of the nervous system
following exposure to a chemical agent. Thisis the
definition currently used for regulatory purposes by
EPA (50 FR 188). However, as the preceding
discussion illustrates, this definition should be used
in conjunction with information on the intended use
of the substance, the degree of toxicity, and the dose
or extent of exposure of humans or other organisms.
The definition hinges on interpretation of the
word “adverse,” and there is disagreement
among scientists as to what constitutes “adverse
change.” The nature and degree of impairment, the
duration of effects (especialy irreversible effects),
and the age of onset of effects are among the many
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factors taken into account in determining whether or
not an effect is adverse. The definition is further
complicated by the possibility that adverse effects
on the nervous system maybe secondary effects of
the action of atoxic substance on other organs. For
example, kidney or liver damage may lead to
adverse effects on the nervous system (26). Deter-
mining whether a particular neurological or behav-
ioral effect is adverse requires a comprehensive
analysis of all available data, including considera-
tion of socia vaues (1 1).

SCOPE OF THISSTUDY

This study examines many, but not all, of the
classes of toxic substances. The assessment in-
cludes discussion of industrial chemicals, pesti-
cides, therapeutic drugs, substance drugs, foods,
food additives, cosmetic ingredients, and such
naturally occurring substances as lead and mer-
cury. It does not include radioactive chemicals;
nicotine (from cigarette smoke); alcohol (ethanol);
biological and chemical warfare agents; microbial,
plant, and animal toxins; and physical agents such as
noise.

WHO ISAT RISK?

Everyone is at risk of being adversely affected by
neurotoxic substances, but individuals in certain age
groups, states of health, and occupations face a
greater probability of adverse effects. The develop-
ing nervous system is particularly vulnerable to
some neurotoxic substances, for several reasons. It
is actively growing and establishing cellular net-
works, the blood-brain barrier that protects much of
the adult brain and spinal cord from some toxicants
has not been completely formed, and detoxification
systems are not fully developed. Consequently,
fetuses and children are more vulnerable to the
effects of certain neurotoxic substances than are
adults (44). The National Academy of Sciences
(NAS) recently reported that 12 percent of the 63
million children under the age of 18 in the United
States suffer from one or more mental disorders and
identified exposure to toxic substances before or
after birth as one of the several risk factors that
appear to make certain children vulnerable to these
disorders (31).

The elderly are more susceptible to certain
neurotoxic substances because decline in structure
and function of the nervous system with age limits

its ahility to respond to or compensate for toxic
effects (17). In addition, decreased liver and kidney
function increases susceptibility to toxic substances.
Aging may also reveal adverse effects masked at a
younger age. Persons who are chronically ill,
especialy those suffering from neurological or
psychiatric disorders, are at risk because neurotoxic
substances may exacerbate existing problems. Also,
many elderly Americans take multiple drugs that
may interact to adversely affect nervous system
function. According to the Department of Health and
Human Services (DHHS), people 60 and older
represent 17 percent of the U.S. population but
account for nearly 40 percent of drug-related hospi-
talizations and more than half the deaths resulting
from drug reactions (19). Common adverse effects
include depression, confusion, loss of memory,
shaking and twitching, dizziness, and impaired
thought processes.

Workersin industry and agriculture often experi-
ence substantially greater exposures to certain toxic
substances than the general population. The Na-
tional Institute for Occupational Safety and
Health (NIOSH) has identified neurotoxic disor-
ders as one of the Nation’s 10 leading causes of
work-related disease and injury. Other leading
causes of work-related disease and injury include
noise-induced hearing loss and psychological disor-
ders, both of which are mediated by the nervous
system. Evaluating the risk posed by neurotoxic
substances is critical to the regulatory process. Risk
assessment issues are discussed in chapter 6.

EXAMPLES OF neurotoxic
SUBSTANCES

neurotoxic substances include naturally occur-
ring elements such as lead and mercury, biological
compounds such as botulinum toxin (produced by
certain bacteria) and tetrodotoxin (found in the
puffer fish, a Japanese delicacy), and synthetic
compounds, including many pesticides and indus-
trial solvents. Some commonly encountered sub-
stances are neurotoxic but may not be recognized as
such. For example, certain antibiotics and hexachlo-
rophene (once frequently used as an antibacterial
agent in soaps) are neurotoxic when sufficiently
large quantities are ingested or absorbed through the
skin; however, exposures to large quantities are rare.
Many therapeutic drugs and abused substances also
have neurotoxic potential.



46 « Neurotoxicity: |dentifying and controliing Poisons of the Nervous System

lllustrated by: Ray Driver

neurotoxic substances can cause a variety of
adverse health effects, ranging from impairment of
muscular movement to disruption of vision and
hearing, to memory loss and hallucinations. Some
substances can cause paralysis and death. Often,
neurotoxic effects are reversible, that is, the effects
diminish with time after exposure ceases and no
adverse effects on the nervous system are thought to
remain. At times, the effects are irreversible and lead
to permanent changes in the nervous system. Table
2-1 summarizes some of the most frequently re-
ported neurobehavioral effects of exposure to toxic
substances (2). The adverse effects of neurotoxic
substances and the mechanisms through which they
occur are discussed in chapter 3.

neurotoxicity has been an important public health
concern for many years, and incidents of human
poisoning have occurred periodically throughout the
world for centuries. Some of the mgjor incidents are

Table 2-I-Neurological and Behavioral Effects of
Exposure to Toxic Substances

Motor effects: Sensory effects:
convulsions equilibrium changes
weakness vision disorders

tremor, twitching

lack of coordination,
unsteadiness

paralysis

reflex abnormalities

activity changes

Mood and personality effects:
sleep disturbances

pain disorders
tactile disorders
auditory disorders

Cognitive effects:
memory problems

confusion

speech impairment
learning impairment

excitability Genera/ effects:

depression loss of appetite

irritability depression of neuronal activity
restlessness . narcosis, stupor

nervousness, tension fatigue

delirium

o nerve damage
hallucinations

SOURCE: Adapted from W.K. Anger, “Workplace Exposures,” Neurobe-
havioral Toxicology, Z. Annau (cd.) (Baltimore, MD: Johns
Hopkins University Press, 1986), pp. 331-347.

indicated in table 2-2. The neurotoxicity of heavy
metals, widely distributed in the soil of the Earth’'s
surface, has been recorded in fable and fact for many
centuries. The toxicity of lead, for example, has been
a concern since Hippocrates first recognized it in the
mining industry (39).

Lead is awidely distributed metal. In its natural
state, it is referred to as inorganic lead. Mgjor
sources of inorganic lead include industrial emis-
sions, lead-based paints, food, and beverages. Or-
ganic lead compounds include the anti-knock gaso-
line, tetraethyl lead. had has profound effects on the
nervous system. At relatively low levels it can cause
a variety of neurobehavioral problems, including
learning disorders (54). Despite years of research
and considerable regulatory action, the extent and
consequences of lead poisoning in children remain
amajor public health problem. In 1988, a Federal
agency reported that about 17 percent of Ameri-
can children in metropolitan statistical areas
(MSAs) have concentrations of lead in their blood
above 15 micrograms per deciliter, a concentra-
tion that may adversely affect the nervous system
(54). The percentage is much higher for urban
children from poor families. Over the years, numer-
ous Federal regulations have been developed to
decrease human exposure, but the debate on accepta-
ble levels in children continues. Lead will be
discussed in detail in chapter 10.
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Table 2-2-Selected Major neurotoxicity Incidents

Year(s) Location Substance Comments
400 B.C. Rome lead Hippocrates recognizes lead toxicity in the mining industry (5)
1930s United States TOCP Compound often added to lubricating oils contaminates “Ginger-Jake,” an
(Southeast) alcoholic beverage; more than 5,000 paralyzed, 20,000 to 100,000 affected (1)
1930s Europe Apiol (W/TOCP) Abortion-inducing drug containing TOCP causes 60 cases of neuropathy (1 )
1932 United States thallium Barley laced with thallium sulfate, used as a rodenticide, is stolen and used to
(California) make tortillas; 13 family members hospitalized with neurological symptoms;
6 deaths(1)
1937 South Africa TOCP 60 South Africans develop paralysis after using contaminated cooking oil (1)
1946 - tetraethyl lead More than 25 individuals suffer neurological effects after cleaning gasoline
tanks (4
1950s Japan mercury Hundreds(ln)gest fish and shellfish contaminated with mercury from chemical plant;
(Minamata) 121 poisoned, 46 deaths, many infants with serious nervous system damage (1)
1950s France organotin Contamination of Stallinon with triethyltin results in more than 100 deaths (1)
1950s Morocco manganese 150 ore miners suffer chronic manganese intoxication involving severe
neurobehavioral problems (1)
1950s-1970s  United States AETT Component of fragrances found to be neurotoxic; withdrawn from market in
1978; human health effects unknown (1)
1956 - endrin 49 persons become ill after eating bakery foods prepared from flour contami-
nated with the insecticide endrin; convulsions resulted in some instances (5)
1956 Turkey HCB Hexachlorobenzene, a seed grain fungicide, leads to poisoning of 3,000 to
4,000; 10 percent mortality rate (3)
1956-1977 Japan clioquinol Drug used to treat travelers’ diarrhea found to cause neuropathy; as many as
10,000 affected over two decades (1)
1959 Morocco TOCP Cooking oil contaminated with lubricating oil affects some 10,000 individuals (1)
1960 Iraq mercury Mercury used as fungicide to treat seed grain used in bread; more than 1,000
people affected (6)
1964 Japan mercury Methylmercury affects 646(1 ,6)
1968 Japan PCBs Polychlorinated biphenyls leaked into rice oil, 1,665 people affected (9)
1969 Japan n-hexane 93 cases of neuropathy occur following exposure to n-hexane, used to make
vinyl sandals (1)
1971 United States hexachlorophene  After years of bathing infants in 3 percent hexachlorophene, the disinfectant is
found to be toxic to the nervous system and other systems (5)
1971 Iraq mercury Mercury used as fungicide to treat seed grain is used in bread; more than 5,000
severe poisonings, 450 hospital deaths, effects on many infants exposed
prenatally not documented (3,6)
1973 United States MnBK Fabric production plant employees exposed to solvent; more than 80 workers
(Ohio) suffer polyneuropathy, 180 have less severe effects (1)
1974-1975 United States chlordecone Chemical plant employees exposed to insecticide; more than 20 suffer severe
(Hopewell, VA) (Kepone) neurological problems, more than 40 have less severe problems (1)
1976 United States leptophos At least 9 employees suffer serious neurological problems following exposure
(Texas) (Phosvel) to insecticide during manufacturing process(1)
1977 United States dichloropropene 24 individuals hospitalized after exposure to pesticide Telone following traffic
(California) (Telone I1) accident (1 O)
1979-1980 United States BHMH Seven employees at plastic bathtub manufacturing plant experience serious
(Lancaster, TX) (Lucel-7) neurological problems following exposure to BHMH (8)
1980s United States MPTP impurity in synthesis of illicit drug found to cause symptoms identical to those of
Parkinson’s disease (11)
1981 Spain toxic oil 20,000 persons poisoned hy toxic substance in oil, resulting in more than 500
deaths; many suffer severe neuropathy (2)
1985 United States aldicarb More than 1,000 individuals in California and other Western States and British
and Canada Columbia experience neuromuscular and cardiac problems following inges-
tion of melons contaminated with the pesticide aldicarb (7)
1987 Canada domoic acid Ingestion of mussels contaminated with domoic acid causes 129 illnesses and 2

deaths. Symptoms include memory loss, disorientation, and seizures (12)

SOURCES: (1) P.S. Spencer and H.H.Schaumburg, Experimental and Clinical Neurotoxicity (Baltimore, MD: Williams & Wilkins, 1980); (2) H. Altenkirch et al., “The
neurotoxicologlcal Aspects of the Toxic Oil Syndrome (TOS)in Spare,” Toxicology 49:25-34, 1968; (3) B. Weiss and T.W. Clarkson, “Toxic Chemical
Disasters and the Implications of Bhopal for Technology Transfer,” Milbank Quarterly 64:216-240, 1986; (4)D.A.K. Casselis and E.C. Dodds, "Tetra-ethy|
Lead Poisoning,” BritishtMedica/ Journal 2:681, 1946; (5)C.D.Klaassen,M.O. Amdur, and J. Doull (eds.), Casarett and Doull's Toxicology (New York, NY:
Macmillan Publishing Co., 1986); (6) World Health Organization, Principles and Methods for the Assessment of neurotoxicity Associated With Exposure to
Chemicals, Environmental Health Criteria 60 (Geneva: 1986); (7) Morbidity andMortality Weekly Report, "Aldicarb Food Poisoning From Contaminated
Melons< alifornia,” Journal of American the Medical Association 256:1 75-176, 1986; (8) J.M. Horan et al.,"Neurologic Dysfunction From Exposure to
2-+-Butulazo-2-Hydroxy -5-Methylhexane (BHMH): A New Occupational Neuropathy,” American Journal of Public Health 75:513-517, 1985; (9) G.G. Goetz,
“Pesticides and Other Environmental Toxins, "Neurotoxins in Clinical Practice (New York, NY: Spectrum Publications, Inc., 1985)pp. 107-131; (10) U.S.
Public Health Service, Centers for Disease ControMorbidity and Mortality Weekly Report, “Acute and Possible Long-Term Effects1,3-dichloropropene—
California,” Feb. 17, 1978, pp. 50, 55; (11).JKopin and S.P. Maukey, "MPTP Toxicity: Implications for Research in Parkinson’s Disease,” Annual Review
of Neuroscience 11 :81-96, 1988; (12) J.M. Hungerford and M.M. Wekeli, “Control Measures in Shellfish and Finfish Industries: USA, " Bothell, VA, U S. FDA,
m press.
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Mercury compounds are potent neurotoxic sub-
stances and have caused a number of human
poisonings worldwide. Common symptoms of expo-
sure include lack of coordination, speech impair-
ment, and vision problems, In the mid-1950s, a
chemical plant near Minamata Bay, Japan, dis-
charged methylmercury, a highly toxic organic form
of mercury, into the bay as part of waste sludge (17).
Fish and shellfish became contaminated and were
consumed by local inhabitants, resulting in an
epidemic of mercury poisoning and severe neurotox-
icological and developmental effects. Mercury used
as afungicide in treating seed grain was the cause of
avery serious epidemic in Irag in 1971, resulting in
more than 450 deaths (57) (see box 2-A).

Manganese is required in the diet in trace quanti-
ties but is highly toxic when relatively large amounts
are inhaled. Hundreds, perhaps thousands, of miners
in severa countries have suffered from ‘ manganese
madness,’ a disorder characterized by hallucina-
tions, unusua behavior, emotional instability, and

numerous neurological problems (43). Other metals,
including aluminum, cadmium, and thallium, are
neurotoxic in varying degrees. It is particularly
challenging to limit public exposure to metals
because they occur naturally in the environment.

I ndustrial Chemicals

Thousands of chemicals are produced by industry,
and new substances are constantly entering the
marketplace. Organic solvents are a class of indus-
trial chemicals that have the potentia for significant
human exposure. This is due in large part to their
volatility; that is, in the presence of air they change
rapidly from liquids to gases, which may be readily
inhaled. Their fat volubility and other chemical
properties make many solvents neurotoxic in vary-
ing degrees. Exposures may be accidental, as often
occurs in the industrial or household setting, or
deliberate, as in glue-sniffing, a common form of
inhalant abuse. Many solvents, including ethers,
hydrocarbons, ketones, alcohols, and combinations

Photo credit: W. Eugene Smith end Aileen Smith

A child victimized by mercury poisoning during the Minamata Bay, Japan, incident in the 1950s is bathed by his mother.
This is one of the most dramatic poisoning incidents involving a neurotoxic substance.
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Box 2-A—Mass Mercury Poisoning in Irag, 1971

Wheat is believed to have been domesticated first in the fields of the Fertile Crescent, an area extending from
the Persian Gulf to the Palestinian coast, including much of what is now Irag. Following a major drought in 1971
that ruined the wheat harvest of this region, the Iragi government decided to switch to a more resilient variety of
wheat from Mexico, known as Mexipak. The Iragis requested that the wheat seed be treated with mercury to protect
it from fungal infections. However, in placing the order, a single-letter typographical error was made in the name
of the fungicide, resulting in treatment of the grain with highly toxic methylmercury instead of the relatively
harmless form of organic mercury normally used.

In the fall of 1971, the largest commercial order of wheat in history (178,000 tons) was delivered to Irag and
distributed throughout the country. In some areas the wheat arrived too late for planting and was used instead to
make bread. The sacks contained labels warning against consumption, but the labels were in Spanish. The grain had
also been colored by a pink dye to indicate that it was poisonous, but the farmers were not aware of the significance
of the color. Some of the sacks till carried the original warning labels from the U.S. manufacturer, with the skull
and crosshones poison designation; however, the Iragi farmers were not familiar with this symbol.

The mercury-treated grain was consumed by thousands of Iragis over a period of a few weeks. Indeed, the pink
color of the bread was thought to be attractive. Weeks later, the effects of mercury poisoning began to appear. At
first the symptoms were a burning or prickling sensation of the skin and blurred vision. These symptoms were
followed by uncoordinated muscular movements, blindness, deafness, coma, and in some cases death. Tragicaly,
one village was not aware of the delayed effects of mercury poisoning and assumed that the traditional yellow wheat
they had just eaten was responsible for the poisoning. Their efforts to obtain the pink variety, which they had recently
run out of, were unfortunately successful. The estimated toll of the mass poisoning was 6,000 hospitalizations, 5,000
severe poisonings, and 450 hospita deaths. Since many persons were not admitted to hospitals, the actua totals are
not known; however, the number of individuals significantly affected has been placed at more than 50,000 and the
number of deaths at 5,000.

The effects on developing fetuses in mothers who ate the bread have not been fully documented, but subsequent
analyses indicate that the fetus may be more than 10 times as sensitive to mercury poisoning as the adult. Afterbirth,
the exposed child may suffer seizures, abnormal reflexes, and delayed development. Severe cases involve cerebral
palsy. The extent and consequences of this tragedy till are not completely documented.

SOURCE: B. Weiss and T.W. Clarkson, “Toxic Chemical Disasters and the Implications of Bhopal for Technology Transfer, ” Milbank

Quarterly 64:216-240, 1986.

of these, have caused neurological and behavioral
problems in the workplace. For example, in 1973,
workers at a fabric production plant in the United
States were discovered to have neuropathies, or
degeneration of nerve fibers. These workers had
been regularly exposed to methyl-n-butyl ketone
(MnBK), a dye solvent and cleaning agent intro-
duced to the plant the previous year (25). Subsequent
laboratory studies implicated MnBK as the causa-
tive agent. neurotoxic solvents in the workplace will
be discussed further in a case study in chapter 10.

Solvents are commonly used in glues, cements,
and paints. The fumes of toluene-based spray paints,
various solvents, and modeling cements are some-
times inhaled as intoxicants. Inhalant abuse, an
important public heath problem (13,38,45), can
cause severe degeneration and permanent loss of
nerve cells. About one in five high school students
has tried inhalants. Unfortunately, young people are

often unaware of the permanent damage that this
type of substance abuse can cause (46).

Pesticides

Pesticides are one of the most commonly encoun-
tered classes of neurotoxic substances. In this report
‘‘pesticide’ is used as a generic term and includes
insecticides (used to control insects), fungicides (for
blight and mildew), rodenticides (for rodents such as
rats, mice, and gophers), and herbicides (to control
weeds), among others. More than 1 billion pounds of
pesticides are used annually in the United States
alone. Some 600 active pesticide ingredients used on
crops are registered with EPA. These active ingredi-
ents are combined with so-called inert substances to
make thousands of different pesticide formulations.

The organophosphorous insecticides, which ac-
count for about 40 percent of the pesticides regis-
tered in the United States, have neurotoxic proper-
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ties (10), as do other classes of pesticides, including
the carbamate and organochlorine insecticides. Be-
cause of the biochemical similarities between the
insect and human nervous systems, insecticides can
adversely affect humans as well, Organophospho-
rous and carbamate insecticides inhibit acetylcholin-
esterase, an enzyme responsible for inactivating the
neurotransmitter acetylcholine (a common chemical
messenger in the nervous system) after it has been
released by stimulation of a nerve cell. Conse-
guently, these pesticides cause acetylcholine to
accumulate in the synapses (or points of contact)
between nerves and muscles. This leads to overstim-
ulation of many nerves, including those that control
muscle movement, some organ systems, and thought
and emotional processes. Indeed, it is this property
that led to the development and use of organo-
phosphorous compounds as “nerve gas’ weapons.
Acute human poisoning from organophosphorous
insecticides can cause muscle weakness, paralysis,
disorientation, convulsions, and death. Of particular
concern are the delayed neurotoxic effects of some
of the organophosphorous insecticides. Some of
these compounds cause degeneration of nerve proc-
esses in the limbs, leading to changes in sensation,
muscular weakness, and lack of coordination (29).
Because of this property, the EPA requires that
organophosphorous insecticides undergo special
testing for delayed neurotoxicity.

In the mid-1970s, the American public became
acutely aware of the threat to human health posed by
neurotoxic substances when a number of workers at
a chemical plant in Hopewell, Virginia, were ex-
posed to the insecticide chlordecone (a chlorinated
hydrocarbon marketed as Kepone). A previously
unidentified neurological disorder resulted, charac-
terized by tremors, muscle weakness, slurred speech,
lack of coordination, and other symptoms (24). Of
the 62 verified cases, more than a third displayed
disabling neurological symptoms. The symptoms
appeared from 5 days to 8 months after onset of
exposure to large amounts of the insecticide and
remained in several of the workers for months after
cessation of exposure and closing of the plant (29).
This incident illustrates the difficulty physicians
face in diagnosing poisoning episodes. Affected
workers reported that the overt signs of poisoning
were preceded by a feeling of ‘‘nervousness, ' a
symptom that might not lead a physician to suspect
exposure to a neurotoxic substance.

Because of their widespread use, pesticides are
dispersed in low concentrations throughout the
environment, including the Nation’s food and water
supplies. Between 1982 and 1985, the Food and
Drug Administration (FDA) detected pesticide resi-
dues in 48 percent of more than two dozen frequently
consumed fruits and vegetables (28). However,
OTA recently found that FDA’ s analytical methods
detect only about one-half of the pesticides that
contaminate fruits and vegetables (53). Use of
pesticides has been so widespread that measurable
levels are frequently found in human tissues. DDT,
for example, was banned a number of years ago, yet
nearly everyone born since the mid-1940s has
measurable levels of this pesticide or its metabolizes
in their fatty tissues (29). Some scientists believe
that the levels of the persistent pesticides present in
humans pose no risk; others think there is cause for
concern and that more research is needed to evaluate
the public health risk of chronic, low-level expo-
sures. The possible effects on the developing nerv-
ous system of chronic exposure to pesticides are of
particular concern.

Exposure to agricultural pesticides is highest
among mixers, loaders, applicators, farmworkers,
and farmers. Some 2 million seasona and migrant
farmworkers harvest the Nation’s crops (9). Accu-
rate statistics on the total number of these farmwork-
ers who develop adverse hedth effects due to
pesticides are not available, but in California, where
physicians are required by law to report suspected
cases of pesticide-related illnesses, 1,093 cases were
reported in 1981. Of these, 613 cases were related to
agricultural activities, and 235 involved field work-
ers exposed to pesticide residues (60). Reported
cases seem to reflect only a fraction of the actual
number, however (16). The issue of neurotoxic
pesticide use in the agricultural setting is the subject
of a case study in chapter 10. Poisonings are a
particular problem in developing countries, where
the misuse of pesticides is relatively common (see
ch. 9).

Therapeutic Drugs

Therapeutic drugs often alter the function, and
less often the structure, of the nervous system.
Generally, this alteration is desirable, as, for exam-
ple, in the case of the tranquilizing effects of adrug
to treat anxiety or the mood-lifting effects of adrug
to treat depression. But such drugs can have
undesirable effects on the brain also. As mentioned



Chapter 2-Introduction « 51

earlier, some drugs that effectively control the
symptoms of schizophrenia may also severely affect
neuromuscular function. Drugs that are used to treat
illnesses or health problems unassociated with the
nervous system (e.g., some anticancer drugs) may
have neurotoxic side-effects. Often, the adverse
effects of drugs are poorly documented or may go
undetected.

Of particular concern are the effects of therapeutic
drugs on the developing fetus. Most prescription
drugs given to pregnant women have not been tested
for potential effects on the fetus, nor have over-the-
counter drugs been evaluated for use during preg-
nancy (14). Physicians normally exert particular
caution in prescribing drugs for pregnant women.

The Federal Food, Drug, and Cosmetic Act
requires that drugs be both safe and effective. Some
persons assert that FDA does not require adequate
neurotoxicity testing of prescription drugs and that
neurotoxic concerns are not being adequately ad-
dressed in the FDA review and regulatory process.
Others suggest that FDA moves too slowly in
approving drugs and that regulations are overly
burdensome. However, FDA officials believe that
current testing and evaluation procedures adequately
address neurotoxicological concerns (58).

The reported adverse effects of drugs listed in the
Physicians Desk Reference (42) and similar publica-
tions illustrate that many prescription drugs, espe-
cially psychoactive drugs, have neurotoxic side-
effects of varying significance. Some adverse effects
are an accepted consequence of drug therapy. When
a drug has been properly tested for neurotoxic
effects, doctor and patient can make informed
decisions about using it. However, inadequate test-
ing for neurotoxicity exposes the public to unneces-
sary risk. Thereis scientific disagreement regarding
whether or not the safety of food additives and drugs
can be established in the absence of specific
neurotoxicity testing.

Abused Drugs

In 1986, drug abuse in the United States led to
more than 119,000 emergency room visits and 4,138
deaths (37). Many more cases go unreported. As
users and their families and friends sometimes
discover, substance abuse can permanently damage
the nervous system. In some cases, damage is so
severe as to cause personality changes, neurological
disease, mental illness, or death. Persons who abuse

Photo credit: John Boyle, Drug Enforcement Agency

drugs are often not aware of, or do not take seriously,
the threat these substances pose to their health.

Although the adverse effects of drugs are often
short-lived, some effects can be prolonged or
permanent. MPTP, an impurity sometimes formed
during theillicit synthesis of an analog of the drug
meperidine, can cause irreversible brain damage and
long-term dysfunction characteristic of Parkinson’s
disease (18,20,21). LSD, a highly potent hallucino-
gen, can seriously affect nervous system function
(17). Other drugs may have more subtle neurotoxic
effects. The chemically sophisticated, illicit “de-
signer drugs’ can dramatically ater normal brain
functions. MDMA, known on the street as “Adam’
or ‘‘ecstasy, ' is a synthetic drug that causes
euphoria and hallucinations. It also causes confu-
sion, depression, severe anxiety, blurred vision, and
paranoia (3,33). Some of these effects may occur
weeks after taking the drug. It was recently discov-
ered that MDMA, at relatively high doses, causes
selective degeneration of brain cells producing the
neurotransmitter serotonin (4). Figure 2-1 illustrates
the degeneration of nerve fibersin aregion of the
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monkey’s cerebral cortex involved in the perception
of touch and position sense. Similar degeneration is
seen in most areas of the cortex. Until it became
illegal, MDMA was occasionally used as an adjunct
to psychotherapy because of the belief that it
removed barriers to communication between doctor
and patient.

Phencyclidine (PCP) is another major abused
drug. In 1984, it was responsible for 11,000 hospital
emergency room visits and more than 225 deaths.
Chronic use of PCP leads to depression, speech
difficulties, and memory loss (32,36).

Cocaine (known as ‘crack’ in its smokable form)
is currently the most frequently abused street drug in
the United States. More than 22 million Americans
have used cocaine at some time in their lives (34). In
1986, approximately 25,000 high school seniors
reported that they had used cocaine in the past year
and were unable to stop using it (35). Cocaine blocks
reabsorption of the neurotransmitter dopamine into
nerve cells. Feelings of euphoria are thought to be
due to excess dopamine in the synapses between
cells. Large concentrations of dopamine cause
changes in nerve cells, making them less responsive
to normal levels of the transmitter. Consequently,
when individuals stop using the drug they experi-
ence depression and want to take more to feel
“normal.” They are then caught in the addiction
cycle (35). Recently, it was reported that cocaine use
by pregnant women alters the development of the
brains of fetuses and infants (59). “Cocaine babies
are atragic consequence of drug abuse by pregnant
women (see box 2-B).

Food Additives

Food additives serve a variety of purposes, such
as to prolong shelf-life or to improve flavor, and
hundreds of them are used during the preparation,
manufacture, and marketing of foods. The use of
these substances is regulated by FDA, which main-
tains a list of additives that are generally recognized
as safe and may be used without specific approval.
All other food additives must be approved prior to
use. However, few additives have undergone neuro-
toxicity testing. In 1984, the NAS reported that 73
percent of the food additives it examined had not
been tested for neurobehavioral toxicity (30). Al-
though animal testing of food additives is required
under the Federal Food, Drug, and Cosmetic Act to
evaluate their safety, studies in humans are not

Figure 2-1-neurotoxic Effect of MDMA on
Serotonin Nerve Fibers in the Cerebral Cortex
of the Monkey

B. MDMA

Repeated administration of MDMA (5mg/kg, 8 doses) to a
Cynomolgus monkey produced degeneration of most serotonin
nerve fibers in this region of the cortex, which is involved in the
perception of touch and position sense. Similar toxic effects are
seen in most areas of the cerebral cortex.

SOURCE: M.A. wilson and M.E. Molliver, Department of Neuroscience,
Johns Hopkins University School of Medicine.

required. Approval of drugs, however, does require
human testing. Many observers believe that food
additives should come under the same scrutiny as
drugs, particularly because many of them are regu-
larly ingested by millions of people. The food
additive approval process is examined in a case
study in appendix A.

Cosmetics

Some 3,400 chemicals are used as cosmetics or
cosmetic ingredients in U.S. products (30). The
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Box 2-B-Cocaine and the Developing Fetus

When a pregnant women abuses a psychoactive drug, she aters not only the activity of her own nervous
system, but that of her unborn child as well. Depending on the abused substance, the frequency of use, the dose,
and other factors, the mother's quest for a temporary high can lead to permanent damage of the rapidly developin
fetal nervous system. Accordi n% to a recent survey by the National Association for Perinatal Addiction Researc
and Education (NAPARE), year as many as 375,000 infants may be adversely affected by substance abuse.
Maternal substance abuse is frequently not recognlzed by health-care professionals during pregnancy.
Consequently, prevention and treatment programs are often too late. According to the National Institute on Drug
Abuse, approximately 6 million women of childbearing age (15 to 44) useillicit drugs, about 44 percent have tried
marijuana, and 14 percent have used cocaine at least once.

A recent study of 50 women who used cocaine during pregnancy revealed a 31 percent incidence of preterm
delivery, a 25 percent incidence of low birthweight, and a 15 percent incidence of sudden infant death syndrome.
These types of parameters are easy to quantify. The biochemical and neurobehavioral effects are more difficult to
document, but they are just as real. Early research indicates that cocaine babies suffer abnormal development of the
nervous system, impaired motor skills and reflexes, seizures, and abnormal electrical activity in the brain.

Cocaine is so addictive that it can suppress one of the most powerful human drives-maternal care. As one
pregnant crack addict put it: “The lowest point is when | left my children in a park for like 3 or 4 days. | had left
my kids with a girl that | know and told her. . . ‘watch them . . . I’'ll be back’ and | didn’t come back. So that was
like—when | finally came down off of that high. | realized that | needed help. ” Sick and abandoned children of
cocaine mothers have placed a heavy burden on a number of the Nation's hospitals. During al-week period at one
hospital, one in five black infants and one in ten white infants were born on cocaine, Taxpayers usualy end up
paying the health-care bill—a bill that can easily exceed $100,000 per infant.

SOURCES: National Association for Perinatal Addiction Research and Education, news release, Aug. 28, 1988; JH. Khalsa, * Epldemlology
of Maternal Drug Abuse and Its Health Consequences: Recent Finding,’ National Institute on Drug Abuse, in preparation; ‘Cocaine
Mothers: Suffer the Children,” West 57th Street, CBS, July 15, 1989.

Courtesy of Dr. Emmalee S. Bandstra, M. D., Division of Neonatology, University of Miami/Jackson Memorial Medical Center
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neurobehavioral toxicity of only a small percentage
of these has been reviewed. Indeed, the Nationa
Academy of Sciences evaluated a representative
sample of cosmetics in 1984 (focusing on publicly
available documents) and found that none had
undergone adequate testing to identify potential
neurobehavioral effects (30).

The consequences of inadequate toxicity testing
are illustrated by the AETT incident. In 1955, AETT
(acetylethyl tetramethyl tetralin) was introduced
into fragrances, years later it was found to cause
degeneration of neurons in the brains of rats and
marked behavioral changes in rats, including irrita-
bility and aggressiveness. In 1978, it was voluntarily
withdrawn from use by the fragrance industry. Its
effects on humans through two decades of use will
probably never be known (50).

FDA lacks the authority to require premarket
testing of cosmetics. The agency may initiate an
investigation, however, if a basis is presented for
doubting a particular product’s safety. The regula-
tion of cosmeticsis discussed further in chapter 7.

TOXIC SUBSTANCES AND
NEUROLOGICAL AND
PSYCHIATRIC DISORDERS

Concerns about the effects of neurotoxic sub-
stances on public health have increased recently
because of new evidence that some neurological or
psychiatric disorders may be caused or exacerbated
by toxic agents in the environment. A noted casein
point is Parkinson's disease. Researchers recently
discovered that exposure to small amounts of the
toxic substance MPTP can cause Parkinson-like
symptoms (20). Exposure to small quantities over a
period of days to a few weeks leads to the muscle
weakness and rigidity that is characteristic of
Parkinson's disease.

Because of this finding, the possibility that toxic
chemicals might be causative agents in some cases
of Parkinson’'s disease is being actively considered
by researchers. Some recent findings support this
hypothesis. For example, it has been reported that in
cases in which Parkinson’s disease afflicts severa
members of a family, the onset of the disease tends
to cluster in time (5,21). Normally, if adisorder has
apurely genetic basis, onset of symptoms occurs at
similar ages, not at similar times. Evidence that
Parkinson’ s disease does not occur more frequently

in identical than fraternal twins also argues against
a hereditary determinant of the disorder (18). A
recent epidemiological study revealed that between
1962 and 1984, U.S. mortality rates for Parkinson's
disease substantially increased in individuals over
the age of 75 (figure 2-2). Environmental factors
appear to have played a significant role in the
increase (23). The relative roles of hereditary and
environmental factors in triggering Parkinson's
disease remain to be determined.

Evidence for a substantial increase in the inci-
dence of motor neuron disease (MND), primarily
amyotrophic lateral sclerosis (ALS), or Lou
Gehrig's disease, in the United States has also
recently been reported (22). This disease is charac-
terized by the progressive degeneration of certain
nerve cells that control muscular movement. MND
isarelatively rare disease, and its cause has eluded
researchers for more than a century. Recent data
indicate that between 1962 and 1984, the MND
mortality rate for white men and women in older age
groups rose substantially (figure 2-3). The increase
is thought to be largely due to environmental factors
(22).

Naturally occurring toxic substances can also
affect the nervous system. An unusual combination
of the neurodegenerative disorders ALS, Parkin-
son’s disease, and Alzheimer’s disease endemic to
Guam (known as Guam ALS-Parkinson’s dementia)
puzzled investigators for many years because of the
correlation between incidence of the disease and
preference for traditional foods. During food short-
ages, residents of theisland ate flour made from the
false sago palm, a member of the neurotoxic cycad
family. The cycad contains one or more naturally
occurring toxic substances that appear to cause a
neuromuscular disease in cattle and trigger slow
degeneration of neurons (49), As old age approaches
and natural brain cell death accelerates, the effects of
the degeneration become apparent and the neurolog-
ical symptoms appear, This possible link between a
naturally occurring compound and a neurodegenera-
tive disease has stimulated the search for other toxic
substances that may trigger related neurological and
psychiatric disorders. This work and that of others
led to the hypothesis that Alzheimer's disease,
Parkinson’s disease, and ALS could be due in part to
damage to specific regions of the central nervous
system caused by environmental agents and that the
damage may not become apparent until several
decades after exposure (6). Aluminum and silicon,
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Figure 2-2—Average Annual Parkinson’s Disease
Mortality in the United States, White Males
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SOURCE: Adapted from D.E. Lilienfeld et al., “Two Decades of Increasing
Mortality From Parkinson’s Disease Among United States
Elderly,” Archives of Neurology,in press.

Figure 2-3-Average Annual Motor Neuron Disease*
Mortality in the United States, White Males
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.Most motor neuron disease is diagnosed as amyotrophic lateral sclerosis
(ALS), or Lou Gehrig's disease.

SOURCE: Adapted from D.E. Lilienfeld, et al., “Increasing Mortality From
Motor neuron Disease in the United States During the Past Two
Decades,” Lancet, Apr. 1, 1989, vol. 1, pp. 710-713.

for example, have been hypothesized to be causative
agents in Alzheimer’s disease; however, numerous
other possible causes have been proposed, and no
link between a toxic chemical and the disease has
been conclusively demonstrated (52).

Several other foods contain known neurotoxic
substances and can be responsible for severe neuro-
logical disorders. The drought-resistant grass pea
causes lathyrism, a disease characterized by weak-

ness in the legs and spasticity and resulting from
degeneration of the spinal cord. The disease has been
known since ancient times and has been responsible
for several epidemics in Europe, Asia, and Africa
(48,50). Studies currently under way indicate that
the prevalence of lathyrism in an Ethiopian popula-
tion that consumes the grass peais 0.6 to 2.9 percent,
an unusually high incidence for a neurodegenerative
disease. Similarly, a large segment of the African
population regularly eats a species of cassava
(Manihot esculenta) that also damages the nervous
system and causes irreversible spasticity (47). Cas-
sava (manioc), one of many cyanide-releasing food-
stuffs in the human diet, is found with increasing
frequency in U.S. supermarkets.

Understanding the relationship between toxic
substances and biochemical and physiological neu-
rological disease requires concerted epidemiologi-
cal analyses. The extent to which toxic substances
contribute to major neurological and psychiatric
disorders is not known. Considerable research is
needed to define the role of neurotoxic substances as
causative agents.

IDENTIFYING neurotoxic
SUBSTANCES

Controlling neurotoxic substances is a two-step
process. The first step is to identify existing sub-
stances that adversely affect the nervous system and
take action to minimize human exposure to them.
The second step is to identify new neurotoxic
substances being generated by industry and take
action either to prevent the manufacture of those that
cause serious neurotoxic effects or limit the release
of the substances into the environment and hence
prevent human exposure to them. Testing isthe key
to both objectives, however, as indicated earlier,
relatively few substances are evaluated specifically
for neurotoxicity. There are numerous examples of
neurotoxic substances that have entered the market-
place because of failure to conduct sufficient tests.

A classic example of testing inadegquacy is BHMH
(Lucel-7), a catalyst used in the manufacture of
reinforced plastics such as bathtubs. The substance
had only been used for a few weeks at a plant in
Lancaster, Texas, before workers began experienc-
ing neurological symptoms ranging from dizziness
and muscle weakness to visual disturbances and
memory loss. Two years later, several workers were
still experiencing some of these symptoms. Prelimi-
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nary animal studies suggested that, BHMH was
neurotoxic, however regulatory action had not been
taken (15). Anima studies conducted after the
exposure demonstrated that rats experienced adverse
effects similar to those seen in humans. BHMH
might not have been marketed had appropriate
neurotoxicological tests been conducted and had the
data been properly analyzed and reported.

An important consideration in controlling toxic
substances is the need for efficient, economical, and
scientifically sound tests to identify substances that
should be regulated. Numerous tests are currently
available to evaluate neurotoxicity. A number of
these tests are described in detail in chapter 5. At the
present time, animal tests are an essential component
of neurotoxicological evaluations.

In vitro testing, based on tissue and cell culture, is
also useful in evaluating the neurotoxic potential of
chemicals (12). Two likely advantages are that many
substances can be screened in a relatively short
period of time and that costs may be considerably
less than the costs associated with animal tests (51).
In vitro tests may someday prove to be useful as a
rapid toxicity screening tool; however, further test
development is necessary. Like all tests, in vitro tests
have inherent limitations. For example, they are
probably of little use in identifying behavioral
effects because such evaluations require the intact
nervous system. Also, testing drugs or other chemi-
cals in vitro makes it difficult to evaluate active
metabolizes that may form or accumulate following
administration to the intact animal.

REGULATING neurotoxic
SUBSTANCES

Regulatory agencies are responsible for limiting
public exposure to toxic chemicals through pro-
grams mandated by Congress. Because of the
diversity of toxic substances, numerous laws are in
place to control their production, use, and disposal.
These laws are administered by a variety of Federal
agencies, but primarily by EPA, FDA, and the
occupational Safety and Health Administration.

New and existing industrial chemicals are regu-
lated under the Toxic Substances Control Act.
Pesticides are controlled by the Federal Insecticide,
Fungicide, and Rodenticide Act, and exposure to
toxic substances in the workplace is regulated by the
Occupational Safety and Health Act. In addition, the

Federal Food, Drug, and Cosmetic Act regulates
food additives, drugs, and cosmetics. Although these
laws address most toxic substances, more than a
dozen other acts focus on less prevalent but equally
important substances. While neurotoxicity is often
not explicitly mentioned in laws regulating toxic
substances, it is implicit in general toxicity concerns.

Regulating toxic substances on the basis of any
single endpoint such as carcinogenicity may not
adequately protect the public health. Effects on
organ systems and other toxicities may pose an equal
or greater threat than carcinogenicity itself. Lead, for
example, is both neurotoxic and carcinogenic; how-
ever, the neurotoxic concerns have far outweighed
the carcinogenic concerns in decisionmaking. Com-
plete characterization of the risk posed by exposure
to toxic substances should include an evaluation of
both carcinogenic and noncarcinogenic risk, includ-
ing the potential for neurotoxicity. The Federal
framework for regulating toxic substances in gen-
eral, including neurotoxic substances, is described in
detail in chapter 7.

ECONOMIC CONSIDERATIONS

Although it is expensive to evaluate any chemical
for its potential toxic effects, these costs may be
small relative to the costs associated with devel op-
ment of a new product, care of injured persons,
workers compensation, or litigation resulting from
injury. Furthermore, the costs to society of public
exposure to toxic substances, measured in terms of
medical care and lost productivity, are potentialy
very high.

Society must weigh carefully the positive health
and economic impacts of use of hazardous chemicas
against the negative health and economic conse-
guences of human exposure to substances whose
toxicity has not been adequately evaluated. If
industry is required to do additional testing, regula-
tory agencies should ensure that the tests are
appropriate and cost-effective. Chapter 8 focuses on
the challenge of balancing economic costs and
benefits.

INTERNATIONAL CONCERNS

neurotoxicity is an international as well as
national problem. Of particular concern to many
persons is the export of neurotoxic substances from
the United States to other nations. Tens of thousands
of tons of pesticides, for example, are exported each
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year by U.S. manufacturers, even though the use of
some of these substances is banned or severely
restricted in the United States. Critics of this policy
raise questions regarding the ethics of a wealthy,
industrialized nation profiting from the export of
such substances to developing nations that may not
have the resources to ensure protection of the public.
In what has been called the ‘circle of poison,” foods
imported into the United States sometimes contain
residues of exported pesticides that are unregistered,
restricted, or banned for U.S. use (55).

In 1979, a Federal Interagency Hazardous Sub-
stances Export Policy Task Force prepared guide-
lines governing the export of pesticides, drugs, and
other materials. Its recommendations led to an
Executive Order on Federal Policy Regarding
Banned or Significantly Restricted Substances. The
order was signed by President Jimmy Carter in
January 1981, severa days before the end of his
term, but it was revoked by President Ronald Reagan
shortly thereafter. Consequently, policy regarding
the export of banned and restricted hazardous
substances, whether pesticides, foods, or other
materials, remains a topic of debate. These and other
international issues are discussed in more detail in
chapter 9.
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Chapter 3

Fundamentals of neur otoxicology

‘ ‘The upsurge of interest in recent years in academia, industry, and government on the effects of toxic
chemicals on the nervous system has created a new discipline of neurotoxicology.”

Peter S. Spencer, Ph.D.
Herbert H. Schaumburg, Ph.D.

Experimental and Clinical neurotoxicology, 1980

the recognition that a chemical component in street heroin [causes] Parkinson's disease or [d]
Parkinsonian disease or [a] Parkinsonian state comes like a lightning bolt to the medical community. . . . Now
suddenly, with this new awareness, the neurological community is beginning to ask questions about other
disorders, such as Lou Gehrig's disease, Alzheimer’s disease. Could this possibly be the result of chemical
exposure?

Bernard Weiss, Ph.D.
Testimony before the House Committee on Science and Technology

October 8, 1985

€. thisis not a situation where we get depressed and anxious first and then devel oped these symptomsin

our mind. Thisis a situation where these symptoms came along from exposure to fumes and chemicals and
then we got severely depressed and anxious. ’

Aerospace Worker
Testimony before the Senate Committee on Environment and Public Works

July 15, 1989
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Chapter 3

Fundamentals of neurotoxicology

Toxicology is concerned with the adverse effects
of natural or synthetic chemicals on the biochemical,
physiological, and behavioral processes of living
organisms. Because of the large number of chemi-
cals in commerce and the wide variety of effects they
may cause, toxicology is a broad science and
toxicologists tend to specialize in one or more areas
of the field. Biochemical toxicologists study the
effects of toxic chemicals at the molecular and
cellular levels. Regulatory toxicologists evaluate the
risks posed by these substances and recommend
actions that can be taken to reduce human exposure
and environmental contamination. Clinical toxicol-
ogists examine the effects of drugs and toxic
chemicals on human health and develop treatments
to mitigate adverse effects. Behavioral toxicologists
are concerned with the effects of toxic substances on
animal and human behavior. Environmenta toxicol-
ogists address the effects of pollutants on plants and
animals, including humans (10).

neurotoxicology is concerned with the adverse
effects of chemicals on the nervous system. Re-
search in this field involves examining the modes by
which neurotoxic substances enter the body, the
effects of these substances on the various compo-
nents of the nervous system, the biochemical and
physiological mechanisms by which these effects
occur, the prevention of damage to the nervous
system, and the treatment of neurological and
psychiatric disorders associated with exposure to
toxic substances. Although scientists have made
tremendous progress in understanding the nervous
system, there is still much to learn about its function
under both normal and abnormal circumstances.

OVERVIEW OF
TOXICOLOGICAL
PRINCIPLES

In order for a toxic substance to cause adverse
health effects, it, or its metabolic products, must
enter the body and reach the target organ(s) at a
sufficient concentration and for a sufficient length of
time to produce a biological response. Chemicals
differ in toxicity, with some being toxic in very
small quantities and others having little effect at

even very high doses. This relationship between
exposure to a toxic substance and the extent of injury
or illness resulting from it is called the “dose-
response”’ relationship. In addition to dose, other
critical variables determining toxicity are the prop-
erties of the chemica (e.g., its volubility), the means
of exposure (through the lungs, stomach, or skin),
the health and age of the exposed individual, and the
susceptibility of the target organ or tissues (10).
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Absorption, Distribution, Biotransformation,
and Excretion

Toxic substances normally enter the body through
the lungs (inhalation), the skin (absorption), or the
gastrointestinal tract (ingestion). In the industria
setting, most exposures occur through inhalation or
absorption. After the substance enters the blood-
stream, it is partitioned into body tissues, where it
may act on target organs or tissues. For various
reasons, including insolubility, some substances are
not distributed through the body. Ultimately, toxic
substances are eliminated from the bloodstream
through accumulation in various sites in the body
and through biotransformation and excretion.

Sites of accumulation of toxic substances mayor
may not be the primary sites of toxic action. Carbon
monoxide, for example, reaches its highest concen-
tration in red blood cells, where it competes success-
fully with oxygen for binding sites in hemoglobin;
it then causes widespread brain damage when these
red blood cellsfail to supply an adequate amount of
oxygen to the brain. Lead, a potent neurotoxic
substance, is found in highest concentrations in bone
but exerts its most serious effects on the brain. The
liver and kidney are major sites of accumulation of
toxic substances, probably because of their large
blood capacities and their rolesin eliminating toxic
substances from the body. Lipophilic toxic chemi-
cals (i.e., chemicals soluble in fat-like materials; also
termed hydrophaobic) tend to accumulate in lipid-
rich areas such as body fat. The brain may be
particularly vulnerable to these toxic substances
since 50 percent of the dry weight of the brain is
lipid, compared to 6 to 20 percent of other organs of
the body (5).

The body has a number of ways to detoxify
foreign substances. The liver is the principal organ
involved in detoxification, but other organs such as
the kidney, the intestine, and the lung also play
major roles. In fact, nearly every tissue tested has
some capacity for detoxification; these capacities,
however, are often limited to particular types of
compounds. Adverse effects may occur when the
guantity of the substance ingested overwhelms
detoxification mechanisms, when an injury or illness
has compromised the body’s capabilities for detoxi-
fication, or when no mechanism is available to
modify or remove the particular substance.

Before excretion, a substance may undergo bio-
transformation, the biochemical process by which it
is converted into new chemical compounds which
are often more easily excreted. This process usually
changes lipophilic compounds to compounds which
are more hydrophilic (water soluble) and therefore
more easily excreted. Although biotransformation
normally aids in the detoxification of substances, it
sometimes results in compounds that are more toxic.
Therefore, when analyzing neurotoxic substances
and the health risks they pose, it is important to
remember that the compound originally ingested or
absorbed by an organism may not be the toxic
substance that eventually acts on the nervous sys-
tem.

Excretion of toxic chemicals from the body occurs
through a variety of routes. Many substances are
removed by the kidney and excreted through the
urine. The liver is effective in detoxifying and
removing substances that enter the body through the
gastrointestinal tract. Some toxic substances, such as
lead and mercury, are excreted from the liver into the
bile and then into the small intestine, bypassing the
blood and the kidneys (10).

Toxic substances are more easily removed from
the body if they are hydrophilic or if they can be
biotransformed into a more hydrophilic compound.
Lipophilic toxic substances are removed from the
body through a number of mechanisms; these
include excretion in feces and bile, excretion of
water-soluble metabolizes in the urine, expiration
into the air, and excretion through the skin.

Interaction of Multiple Toxic Substances

The health effects of toxic substances are fre-
guently examined with the assumption of a single
chemical acting alone on a particular organ or type
of tissue. Such an analysis has limitations, however.
In some cases, an individual may be exposed to
multiple chemicals that act on different organs and
tissue types, and one cannot assume that the effect of
these substances combined is the same as the
combined effects of separate exposures. Chemical
interactions may take place between substances.
Sometimes the effects are additive (i.e., the com-
bined effects are equal to the sum of the effects of
each of the substances individually); at other times,
the effects may be synergistic (i.e., the combined
adverse effects exceed the sum of the individua
effects).
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A substance that is not toxic may increase the
toxicity of another substance through a process
called potentiation. More rarely, two toxic chemi-
cals may result in no adverse effect when present
together, a phenomenon called antagonism. Syner-
gism, potentiation, and antagonism must be taken
into account when examining exposure to complex
mixtures of toxic substances such as those found in
contaminated drinking water, smoke from an indus-
tria fire, and fumes from a hazardous waste site (10).

THE NERVOUS SYSTEM

The fundamental unit of the nervous system is the
nerve cell, or neuron (figure 3-1). While neurons
have many of the same structures found in every cell
of the body, they are unique in that they have axons
and dendrites, extensions of the neuron along which
nerve impulses travel, and in that they synthesize

and secrete neurotransmitters, speciaized chemical
messengers that interact with receptors of other
neurons in the communication process.

Certain nerve cells are specialized to respond to
particular stimuli. For example, chemoreceptors in
the mouth and nose send information about taste and
smell to the brain. Cutaneous receptors in the skin
are involved in the sensation of heat, cold, and touch.
Similarly, the rods and cones of the eye sense light.

Glia cells appear to perform functions which
support neurons-i. e., supplying nutrition, struc-
tural support, and insulation. Certain glia cells, for
example, produce myelin, afatty substance that
covers the axons of many neurons throughout the
body and acts as insulation.

Electrical information in the form of nerve
impulses travels along the axons and dendrites of

Figure 3-I—The Fundamental Structure of the Nerve Cell
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neurons. The impulses are generated by a rapidly
changing flow of charged ions, primarily sodium
and potassium, through channels in the nerve cell
membrane. The insulating myelin sheath surround-
ing many nerves allows the electrical impulses
(action potentials) to travel farther and faster than
they otherwise could. Impulses generally travel
away from the cell body of the neuron aong axons
and interact with the dendrites of other neurons. The
point of interaction between adjacent nerve cellsis
caled the synapse (figure 3-2). Here, neurotransmit-
ters stored in vesicles in the axon terminal are
released by electrical impulses, travel across the
synaptic cleft, and bind to receptors on adjacent
nerve cells, triggering biochemical events that lead
to electrical excitation or inhibition. Information
may also be transmitted from nerves to muscle
fibers; in this case the point of interaction is called
the neuromuscular junction.

Neurotransmitters are chemical messengers that
can be subdivided into two categories: the classical
neurotransmitters and the neuropeptides. Classica
neurotransmitters include serotonin, dopamine, ace-
tylcholine, and norepinephrine; the neuropeptides
include endorphin, enkephalin, substance P, and
vasopressin. Classical neurotransmitters are typi-
cally secreted by one neuron into the synaptic cleft,
where they interact with receptors on the surface of
the adjacent cell. Neuropeptides, on the other hand,
may act over long distances, traveling through the
bloodstream to receptors on other nerve cells or in
other tissues. Binding of a transmitter to a receptor
triggers a series of biochemica events that ulti-
mately affect the electrical activity, or excitability,
of the neuron. Depending on the type of transmitter
released and the type of receptors, the effect of the
chemical interaction is either to inhibit or to
stimulate the electrical activity of the adjacent cell.
When multiple neurons impinge on a single neuron,
that neuron integrates the inputs, resulting in a net
excitation or inhibition.

The nervous system is anatomicaly separated
into two mgjor divisions: the central nervous system
and the peripheral nervous system. The centra
nervous system encompasses the brain and spinal
cord, while the periphera nervous system encom-
passes the nerves that travel to and from the spinal
cord, sense organs, glands, blood vessels, and
muscles.

Figure 3-2-Chemical Communication at the Synapse
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The brain is composed of between 10 billion and
100 hillion cells organized into vast networks of
interacting axons and dendrites which comprise on
the order of 10" connections (17). The brain and
spinal cord control vital functions of the body
(including vision, hearing, speech, learning, mem-
ory, and muscular movements) through these com-
plex networks and through a wide variety of
neurotransmitters.

Information from sensory receptors is sent to the
spina cord and brain, where it is translated and
integrated with other information. Sometimes the
sensory information leads to muscular movement—
for example, if one touches a hot stove. This reflex
circuit involves both sensory neurons, which sense
the heat and send the information to the spinal cord,
and motor neurons, which send instructions to the
muscles.

Most of the central nervous system is partially
protected by the blood-brain barrier, a layer of
tightly juxtaposed cells in blood vessel walls that
allow some substances to pass from blood to neural
tissue while keeping others out. This selective
barrier protects much of the nervous system from
substances that are either not necessary for meta-
bolic functions or that may be damaging. Smaller
compounds and compounds that are soluble in lipids
tend to cross the barrier more easily, while larger
compounds and substances which are soluble in
water may be kept out. In addition, some compounds
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cross the barrier with the help of carrier proteins
which bind specifically to them. Drugs intended to
act directly on the nervous system must therefore be
designed in such a way as to pass through the
blood-brain barrier into the brain. Most tranquiliz-
ers, narcotics, and anesthetics readily traverse the
barrier.

Development and Aging

The first signs of the nervous system are exhibited
around the 10th to 14th day of fetal development,
when a flat sheet of around 125,000 cells forms from
the outer layer of the ball of undifferentiated
embryonic cells. The sheet then rolls into a tube,
called the neural tube, which will eventually develop
into the spinal cord and brain. Over the next 2
months these cells multiply, migrate, and begin
differentiating into specific types of neurons and
glia. The mechanism by which the undifferentiated
embryo develops is unknown; however, embryolo-
gists believe that the cells' chemical environments
play large roles in these determinations.

At approximately the 20th week, the neurons
begin to extend axons and dendrites, initiating
development of the nervous system’s complex
network of synaptic contacts. The nervous system is
not fully developed until sometime during infancy.
However, small modifications in the network do
appear to take place even in the adult nervous system

(7).

The nervous system undergoes major changes
with aging. At the tissue and cellular level, the aging
process results in nerve cell loss, neurofibrillary
tangles (abnormal accumulation of certain filamen-
tous proteins), and neuritic plaques (abnormal clus-
ters of proteins and other substances near synapses).
Neurons have avery limited capacity to regenerate;
thus, as cells die, the complex neuronal circuitry of
the brain becomes impaired. Aging is aso accompa-
nied by alterations in neurotransmitter concentration
and the enzymes involved in the synthesis of these
transmitters. Some neurons gradualy lose their
insulating myelin sheath, slowing conduction of
electrical impulses along the axons.

Some-components of the nervous system appear
to age differently than others. In ahealthy person, for
example, intellectual abilities such as memory,
vocabulary retention, and comprehension seem to be
maintained at least until the mid-70s, while motor
skills, coordination, and sensory functions gradually

become impaired (15). Specific areas of the brain
may age at different rates. The locus ceruleus and the
substantial nigra, two discrete areas of the brain,
undergo a period of cell loss between the ages of 30
and 50, with the decline in cell number slowing
thereafter (9). Between the ages of 20 and 80, the
number of cells in the cerebral cortex may be
reduced by half. In contrast, the Purkinje cells of the
cerebellum decline in a linear fashion throughout
life, while other clusters of cells are maintained at
the same levels regardless of age.

EFFECTS OF TOXIC SUBSTANCES
ON THE NERVOUS SYSTEM

Structural Changes

Toxic substances can alter both the structure and
the function of cells. Structural alterations include
changes in the morphology of the cell and the
subcellular structures within it, and destruction of
groups of cells. The long axons of some neurons, the
inability of neurons to regenerate, and the nervous
system’s dependency on a delicate electrochemical
balance for the proper communication of informa-
tion make the system especially vulnerable to the
effects of toxic chemicals.

When a toxic substance enters the human body, it
can affect the bhiochemistry and physiology of
neurons and glia in a variety of ways. The cells may
swell, their internal contents may become more
acidic, and biochemical processes such as protein
synthesis and neurotransmitter secretion may be
inhibited. Often these changes result from anoxia—
i.e., oxygen deprivation. Neurons require relatively
large quantities of oxygen because of their high
metabolic rate and are therefore more vulnerable
than other cells to anoxia.

At the morphological level, toxic substances seem
to act selectively on the various components of the
nervous system, damaging the neuronal bodies
(neuropathy), axons (axonopathy), and myelin
sheaths (myelinopathy). A common type of struc-
tural change induced by toxic substances on axons
is central-peripheral distal axonopathy (CPDA).
Degeneration of this type usually begins at the end
of the axon and proceeds toward the cell body, hence
it is often referred to as the “dying-back” process.
Some organophosphorous insecticides can cause
this type of damage after a single exposure; how-
ever, for the magjority of chemicals producing this
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effect, continuous or prolonged intermittent expo-
sure is necessary. Thousands of people were para-
lyzed during Prohibition after ingesting a popular
alcohol substitute contaminated with an organo-
phosphorous chemical (see box 3-A).

Toxic substances often cause a slow degeneration
of the nerve cell body or axon that may result in
permanent neuronal damage. Acute carbon mon-
oxide poisoning, for example, can produce a de-
layed, progressive deterioration of portions of the
nervous system that may lead to psychosis and death
over aperiod of weeks (8).

Functional Changes

Toxic chemicals can induce functional changes
that involve modifications of motor and sensory
activities, emotional states, and integrative capabili-
ties such as learning and memory. Numerous sen-
sory systems can be adversely affected, including
sight, hearing, and touch and pain sensation. These
effects may be caused by destruction of the myelin
sheath that surrounds neurons (a process known as
demyelination), damage to the neuron itself, or

damage to the neurotransmitter system. Sensory
changes are often reported as numbness or a tingling
sensation. Methyl mercury is one chemical that is
extremely toxic to the visual, sensory, and motor
systems. Several episodes of large-scale human
intoxication by this organic heavy metal have been
described (3). In recent years, tests have been
developed to detect sensory changes, particularly in
visual and auditory functions resulting from expo-
sure to toxic substances.

Organophaosphorous and carbamate insecticides
can induce functional changes by inhibiting ace-
tylcholinesterase, an enzyme that breaks down the
neurotransmitter acetylcholine. The functionalchanges
include hyperactivity, neuromuscular paralysis, weak-
ness, vomiting, diarrhea, and dizziness, with more
severe cases exhibiting convulsions, coma, or death.
The onset and duration of symptoms depend on the
inherent toxicity of the insecticide, the dose, the
route of exposure, and preexisting health conditions.
Some organophosphorous pesticides can produce
delayed and persistent neuropathy by damaging
neurons in the spinal cord and peripheral nervous

Box 3-A—The Ginger-Jake Syndrome

During Prohibition, contamination of a popular ginger extract with triorthocresyl phosphate led to an epidemic
of partial paralysis that came to be known as the Ginger-Jake syndrome. The case serves as a dramatic example of
the neurotoxic potential of organophosphorous substances.

Extract from the Jamaica ginger had been used in the United States since the 1860s as a medicinal tonic. A
typical preparation contained 70 to 80 percent alcohol by weight and reputedly aided in digestion, prevented
respiratory infections, and promoted menstrual flow. Nicknamed ‘‘Jake," the tonic became especially popular in
the early 1900s in areas where local legislation outlawed the sale of alcoholic beverages.

During Prohibition, the legal sale of ginger extract was limited to a “fluidextract” which contained 5 grams
of ginger per cubic centimeter of alcohol (usually ethanol). Since the high concentration of ginger yielded a solution
too irritating to drink, the requirement was supposed to confine its use to medicina purposes. Department of
Agriculture agents would occasionally check for the appropriate ginger content by boiling off the alcohol and
weighing the solid residue. However, bootleggers soon saw the possibility of dissolving small amounts of ginger
into alcohol and substituting adulterants, such as molasses or castor ail, for the remaining required solid content.
The result was a potable alcohol source that could be sold at bargain prices.

In 1930, perhaps in response to an increase in the price of castor oil, one bootlegger tried Lyndol, a
heat-resistant oily material used in lacquers and varnishes, as an adulterant. When consumed, the triorthocresyl
phosphate in Lyndol caused axona degeneration in neurons of the central and peripheral nervous systems.
Depending on the severity of the case, symptoms ranged from temporary numbness and tingling in the extremities
to permanent partial paralysis. Estimates vary widely, but between 20,000 and 100,000 people were permanently
affected before all the poisonous shipments were seized.

SOURCES: M.B. Abou-Doniaand D.M. Lapadula, “Mechanisms of Organophosphorus Ester-Induced Delayed neurotoxicity: Type | and Type
Il,” Annual Review of Pharmacology and Toxicology 30:405-440, 1990; S.D. Davis and R.J. Richardson, *‘Organophosphorus
Compounds, " Experimental and Clinical Neurotoxicology, P.S. Spencer andH.H. Schaumburg (eds.) (Baltimore, MD: Williams
& Wilkins, 1980); J.P. Morgan, “The Jamaica Ginger Paralysis,” Journal of the American Medical Association248: 1864-1867,
1982; 1.p. Morgan, City University of New Y ork, personal communication, Jan. 4, 1990.
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system; in these cases, the resulting muscle weak-
ness may progress to paralysis (4, 26).

Motor and sensory functions are closely linked
within the nervous system. Body movements, for
example, involve complex feedback interactions
between motor and sensory neurons to allow
smooth, controlled movements. Consequently, dam-
age to sensory systems can indirectly affect certain
motor functions. Some toxic substances affect motor
neurons directly; others damage both sensory and
motor neurons (a condition termed mixed neuropa-
thy). Neurophysiological tests are available to moni-
tor the conduction velocity of impulses along nerve
axons, and various neurological tests can be used to
detect muscle weakness and lack of control of
muscular movements.

Toxic substances often affect the higher functions
of the nervous system such as learning, memory, and
mood. Exposure to inorganic lead can lead to mental
retardation in children; at lower levels of exposure,
however, it may manifest itself as a shortened
attention span or a learning disability (16, 23).
Various tests are available to detect impairment of
these processes, some of which are described in
chapter 5.

Behavioral Effects

Behavioral changes may be the first indications of
damage to the nervous system. An individual
exposed to a toxic substance may initially experi-
ence vague feelings of anxiety or nervousness.
These feelings may progress to depression, diffi-
culty in sleeping, memory loss (see box 3-B),
confusion, loss of appetite, or speech impairment. In
severe cases, a person may exhibit bizarre behavior,
delirium, halucinations, convulsions, or even death.
Often, behaviora toxicological testing can detect an
impairment for which investigators have not yet
found a physiological or biochemical mechanism.

Exposure to neurotoxic chemicals during preg-
nancy may not produce obvious symptoms of
behavioral toxicity until long after the exposure has
ceased. This phenomenon has given rise to the field
of behavioral teratology (18). An issue of particular
concern to neurotoxicologists is the latency of some
neurotoxic effects. One explanation for latent, or
“silent,” damage is that at younger ages the brain
may be able to compensate for some adverse effects.
With age, this ability to compensate diminishes, and
the damage inflicted early in life may become

apparent (19, 25). It has been proposed that exposure
to toxic substances may trigger biochemical events
that may later contribute to the cause of certain
neurological diseases such as Parkinson's disease,
amyotrophic lateral sclerosis (ALS, or Lou Gehrig's
disease), or Alzheimer’s disease. This hypothesis,
sometimes referred to as the environmental hypothe-
sis, has recently been the subject of increased
interest following the MPTP incident (see box 3-C)
and the Guam-ALS episode (19). (See ch. 2).

Susceptibility to neurotoxic Substances

Everyone is susceptible to the adverse effects of
neurotoxic substances, but individuas in certain age
groups and persons with certain heath problems
may be particularly at risk. The developing nervous
system is especially vulnerable to certain toxic
substances. Its cells are actively growing, dividing,
migrating, and making synaptic connections, and the
blood-brain barrier is not yet fully developed.
During the first weeks of prenatal development,
toxic substances may interrupt closure of the neural
tube, leading to such birth defects as spina bifida (a
defect in which the vertebral column is exposed) and
anencephaly (the absence of al or part of the brain).
During later development, the risks of exposure have
diminished for many components of the nervous
system; however, the cerebrum and cerebellum,
major portions of the brain responsible for functions
such as sight and movement, remain particularly
vulnerable (15, 22).

Factors such as dose of the toxic substance and
nutritional deficienciesin the mother also influence
the extent of damage. Ethanol (alcohol), cocaine,
antibiotics, and steroids, for example, can all ad-
versely affect the fetal nervous system (18). Since
few drugs have been adequately evaluated for effects
on the developing fetus, physicians are advised to
exert special care in prescribing drugs to pregnant
women.

As the structure and function of the nervous
system decline with age, individuals become more
susceptible to the effects of many neurotoxic sub-
stances. Adverse effects that might have been
masked at a younger age by a vita, healthy nervous
system may become apparent. Those suffering from
neurological disorders are at greater risk because
toxic chemicals may exacerbate existing problems.
Persons suffering from multiple sclerosis or neu-
romuscular disorders, for example, are vulnerable
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Box 3-B—The Endangered Hippocampus

Deep inside the brain is a crescent-shaped structure that acts as a switching and information storage center. The
hippocampus, as it is called, is a site of convergence of many neural pathways and is in a strategic position to
modulate chemical information as it is transferred from one region of the brain to another, It isamajor component
of the limbic system, which, along with the hypothalamus and amygdala, isinvolved in the control of emotion and
motivation. In recent years, evidence has mounted that the hippocampus is important if not critical, to learning and
memory processes. These processes are significantly impaired if the hippocampus or certain nerve pathways
entering it or leaving it are destroyed.

Learning and memory are often adversely affected by toxic substances, and some researched believe that the
hippocampus is an important target site of these substances. A number of toxic chemicals preferentially affect the
hippocampus, including many metals, some abused drugs, and certain viruses (including those responsible for
rabies and AIDS). The hippocampusis also adversely affected in neurodegenerative disorders such as Alzheimer’s
disease and in Down’s syndrome.

Many of the cells of the hippocampus appear to use the excitatory amino acids glutamate and aspartate as
neurotransmitters, Under normal circumstances the synthesis, storage, and release of these transmittersis delicately
balanced. However, adverse conditions associated with trauma, stroke, or exposure to toxic chemicals and drugs
may upset this balance, sometimes leading to an event known as excitotoxicity. This is a process by which
excitatory neurotransmitters released from neurons flood neighboring cells and weaken their membranes, leading
to cell death. The mechanism of this cascade of eventsis being examined closely in the case of glutamate because
the characteristics of the receptor that binds this transmitter are beginning to be understood. Recently, it was
discovered that the drug PCP blocks glutamate receptors and that other compounds that effectively block this
receptor are virtualy identical to PCP.

There is much to learn about the transmitter systems in the hippocampus and the mechanisms by which toxic
substances alter these systems. Clues to how some aspects of learning and memory are altered by toxic substances
may ultimately be found in the biochemical machinery of this region of the brain.

SOURCES: S. Blakeslee, ‘ Pervasive Chemical, Crucial to theBody, Is Indicted asan Agent in Brain Damage,” New York Times, Nov. 29, 1988;

TJ. Walsh and D.F. Emerich, “The Hippocampus as a Common Target of neurotoxic Agents,” Toxicology 49:137-140, 1988.

because the neural targets of these diseases are the
same as those of many neurotoxic substances.
Persons suffering from mental disorders may aso be
more susceptible to neurotoxic substances because
of possible augmentation of their symptoms. Toxic
chemicals can cause or exacerbate anxiety, depres-
sion, mania, and psychosis. Most adverse effects are
short-term and reversible; however, long-term ef-
fects, including permanent damage to mental health,
can occur.

Diseases involving organs such as the kidney or
liver can indirectly affect the nervous system. The
build-up of waste products in the bloodstream due to
kidney failure or diabetes, for example, can cause
adverse effects on nervous tissue similar to those
caused by environmental exposure to toxic chemi-
cals.

Malnourished individuals are generally at greater
risk of harm from neurotoxic substances than are
individuals with adequate diets. A person with a
thiamine (vitamin B)) deficiency, for example, is
more susceptible to the toxic effects of ethanol on

the liver (15). This problem is especialy relevant for
developing nations-that face regular food shortages.

CLASSES OF neurotoxic
SUBSTANCES

neurotoxic substances can be categorized accord-
ing to the structural or functional changes they
cause. The following categorization, which groups
neurotoxic substances according to where they
appear to act, is a summary of a scheme developed
by Spencer and Schaumburg (20). The scheme
includes the following targets. neurons, glial cells
and myelin, the neurotransmitter system, and blood
vessels supplying the nervous system.

Some adverse effects may not be included in this
approach. For example, neurotoxic substances may
also affect cells of the immune system, which can in
turn influence nervous system function at any of
these neural sites. Interactions between the immune
and nervous systems have become the subject of
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Box 3-C-MPTP and Parkinson’s Disease

In recent years, the hypothesis that Parkinson's disease and other neurological disorders might be triggered by
environmental factors has become more widely accepted. Although toxic substances have long been considered
possible contributors to the cause of some disorders of the nervous system, the MPTP incident has focused more
attention on this environmental hypothesis.

MPTP is the abbreviation for |-methyl-4-phenyl- 1,2,3,6-tetrahydropyridine, a compound that can be created
during the production of synthetic heroin. Remarkably, in just 5 to 15 days, this highly neurotoxic substance can
induce a syndrome virtually identical to Parkinson’s disease—a disease that usually occurs late in life and develops
slowly over a period of years. Both Parkinson’s disease and the MPTP-induced syndrome are characterized by
tremors and lack of muscular control that stem from degeneration of neuronsin the substantial nigra, aregion deep
in the central area of the brain. Neurons in the substantial nigra synthesize and secrete the neurotransmitter dopamine,
hence Parkinson’s patients are treated with levodopa, a precursor of this neurotransmitter.

The discovery of the link between MPTP and Parkinson’s disease has dramatically changed the nature of
research on this disease. Much work has focused on MPP', a metabolize of MPTP that is responsible for the adverse
effects on the brain. Recently, researchers discovered that a monoamine oxidase inhibitor, a type of drug sometimes
used to treat depression, blocks the conversion of MPTP to MPP'. Other researchers have shown that the
monoamine oxidase inhibitor Deprenyl, administered to Parkinson’s patients in combination with levodopa,
reduces the symptoms of the disease and extends their lives. It was found that Deprenyl slows the rate of
degeneration of neurons in the substantial nigra, perhaps making it useful in the treatment of Parkinson’s disease.

The MPTP story illustrates how a neurotoxic substance might cause or contribute to the development of
neurodegenerative diseases such as Parkinson's disease, Alzheimer's disease, and amyotrophic lateral sclerosis. The
relative contributions of environmental and genetic factors to the causes of these diseases are not understood and
are the subject of considerable research and debate within the scientific community. Although the extent to which
a neurotoxic substance contributes to the cause of Parkinson’s disease is unclear, the MPTP story serves as an
example of how neurctoxicological research can lead to a better understanding of the causes of neurological disease
and ways to treat it.

SOURCES: LJ. Kopin and s.p. Markey, **“MPTP Toxicity: Implications for Research in Parkinson's Disease,” Annual Review of Neuroscience
11:81-96, 1988; J.W. Langston, P. Batlard, J.W. Tetrud, et a., “Chronic Parkinsonism in Humans Due to a Product of
Mcperidine-Ailslé)gg Synthesis,” science 219:979-980, 1983; R. Lewin, “Big First Scored With Nerve Diseases,” Science
245:467-468, .

considerable interest in recent years, leading to a
new field of research known as neuroimmunol ogy.

Actions on the Neuronal Membrane

As described earlier, the neuron consists of the
cell body and the dendrites and axons projecting
from it. The neuronal membrane contains a complex
system of pumps, receptors, and channels through
which charged molecules (ions such as sodium,
calcium, and potassium) travel into and out of the
cell. Toxic substances may act on any of these
components. Determining the mechanism of action
of neurotoxic substances often requires researchers
to investigate possible adverse effects on a variety of
receptors and channels.

Naturally occurring toxic substances such as
tetrodotoxin (from the puffer fish) and saxitoxin
(from the marine aga responsible for paralytic
shellfish poisoning) block ion channels, initially

causing humbness in the face, neck, and limbs. This
is followed by difficulty in speaking and swallowing
and by an inability to coordinate muscular move-
ments. In severe cases, respiratory paralysis may
result.

Toxic substances can aso act to increase the flow
of ions across the membrane, resulting in many of
the same symptoms as those caused by the channel
blockers. Scorpion toxin and the pesticide DDT, for
example, act by increasing the flow of sodium ions.
Pyrethroid pesticides are an example of widely used
commercial compounds that exert toxic effects in
this manner.

Actions on Neuronal Structures

Substances such as mercury and lead cause
degeneration of the central nervous system. Intoxi-
cation by organic mercury, particularly in children,
can cause degeneration of neurons in the cerebellum
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and can lead to tremors, difficulty in walking, visua
impairment, and even blindness. Lead adversely
affects the cortex of the immature brain, causing
irreversible mental retardation in young children
(23).

The peripheral nervous system is particularly
vulnerable to the effects of toxic substances because
it lies outside the central nervous system which is
partially protected by the blood-brain barrier. The
antitumor agent doxorubicin, for example, causes
degeneration of both central and periphera nerve
axons (21).

Degeneration of the axon is one of the most
frequently encountered neurotoxic effects. Many
chemicals and drugs will cause axonopathy but will
not affect the cell body. In most cases, repeated or
chronic exposure is required before adverse effects
occur. The precise mechanisms by which axonal
degeneration occurs are not understood. Some
research suggests that toxic substances block the

Photo credit: U.S. Environmental Protection Agency

transport of substances between the cell body and
regions of the axon.

Often, degeneration begins at or near the end of
the axon and proceeds toward the cell body. As
noted earlier, this type of pathological effect is called
central-peripheral distal axonopathy (CPDA). An
afflicted individual may experience loss of sensation
in the hands and feet or muscular weakness. In some
cases, the effects gradually worsen, and the loss of
sensation progressively ascends to the limbs as
shorter nerves become affected. With time and
removal from exposure, recovery is often possible.

Numerous toxic substances cause CPDA, includ-
ing such industrial chemicals as carbon disulfide
(discussed further in ch. 10), hexane, acrylamide,
and Lucel-7 (discussed in ch. 2). Drugs that cause
this axonopathy include thalidomide (whose other
tragic side-effects on the developing fetus have been
well documented) and vincristine, a drug used to
treat cancer. Alcohol abuse, some organophosphor-
ous pesticides, and natural toxins present in buck-
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thorn (from the fruit of the shrub Karwinskia
humboldtiana) also adversely affect the nervous
system in this manner.

A less common form of axona degeneration,
central-distal axonopathy, is characterized by ad-
verse effects on the spinal cord but not on the
peripheral nervous system. Some 10,000 cases
occurred in Japan between 1956 and 1972, when the
drug clioquinol was considered a safe and effective
nonprescription treatment for diarrhea caused by an
amoeba. Affected individuals experienced abdomi-
nal discomfort, numbness in the feet, weakness in
the legs, blurred vision, and, in cases where large
amounts of the drug were consumed, encephalitis
(inflammation of the brain).

The most serious form of neurotoxicity involves
the complete loss of nerve cells. Sensory nerve cells
may be lost in patients treated with megavitamin
doses of vitamin B,; hippocampal neurons undergo
degeneration with trimethyltin poisoning; motor
nerve cells are affected in cycad toxicity, which has
been linked tentatively to Guam-ALS-Parkinsonism
dementia (19).

Actions on Glial Cells and Myelin

A large number of neurotoxic substances can
cause degeneration of glial cells and the myelin that
these cells produce. Diphtheria toxin, for example,
interferes with the cell bodies of myelin-producing
glia cells. Hexachlorophene interferes with the
energy-producing mitochondria within glial cells.
Perhexilline maleate, a drug used to treat the chest
pain of angina pectoris, sometimes causes degenera-
tion of myelin and leads to numbness in the hands
and feet and muscle weakness.

Actions on the Neurotransmitter System

Other toxic substances may affect the neurotrans-
mitter systems of neurons. The nicotine in cigarettes
and some insecticides, for example, mimic the
effects of the neurotransmitter acetylcholine. Organ-
ophosphorous compounds, carbamate insecticides,
and nerve gases act by inhibiting acetylcholinesterase,
the enzyme that inactivates the neurotransmitter
acetylcholine. This results in a build-up of ace-
tylcholine and can lead to loss of appetite, anxiety,
muscle twitching, and paralysis.

Amphetamines stimulate the nervous system by
causing the release of the neurotransmitters norep-
inephrine and dopamine from nerve cells. Cocaine

affects both the release and reuptake (the process by
which neurotransmitters and their metabolizes are
recycled) of norepinephrine and dopamine. Both
amphetamines and cocaine can cause paranoia,
hyperactivity, and aggression, aswell as high blood
pressure and abnormal heart rhythms,

Some drugs act by altering the action of the
neurotransmitter serotonin. LSD, a drug widely
abused in the United States, especidly in the 1960s,
is a potent hallucinogen. Although it is not known
precisely how LSD functions, it does interfere with
the activity of the neurotransmitter serotonin. Mes-
caline and psilocybin (from the hallucinogenic
mushroom Psilocybes) act in a similar fashion.

Opium-related drugs such as morphine and heroin
act at specific opioid receptors in the brain. These
receptors interact with the endogenous brain neu-
ropeptides, such as the enkephalins and endorphins,
which control the perception of pain and give rise to
feelings of euphoria. Consequently, drugs acting at
opioid receptors cause sedation and euphoria and
reduce pain. They also tend to slow the heart rate and
may cause nausea, convulsions, and slow breathing
patterns. They are highly addictive, leading to as yet
unidentified changes in the structure and function of
the nervous system. Researchers are actively seek-
ing to understand the mechanisms by which addic-
tion to opiates occurs. Withdrawal from this class of
drugs leads to impaired vision, restlessness, and
tremors.

A relatively recent phenomenon of increasing
concern to health-care workers is the addicted
infants born to women who use drugs such as
cocaine. These infants suffer from a variety of
behavioral abnormalities. Many of the symptoms of
withdrawal seen in adults can also be seen in these
infants immediately after birth (see box 2-B).

Actions on Blood Vessels Supplying the
Nervous System

The nervous system is supplied by an extensive
system of blood vessels and capillaries. The brain
needs large quantities of oxygen and nutrients and
relies on an extensive circulatory system to supply
needed substances and to remove toxic waste
products. Lead damages capillaries in the brain and
leads to the swelling characteristic of encephalopa-
thy. Other metals (e.g., cadmium, thallium, and
mercury) and organotins (e.g., trimethyltin) cause
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rupturing of vessels that can result in encephalo-
pathy aswell.

Further Information

Neurobiology and toxicology are rapidly expand-
ing scientific fields that cut across many disciplines.
A brief chapter can only touch on some of the
genera scientific principles underlying neurotoxi-
cology, which lies at the intersection of these two
fields. The interested reader may wish to consult any
of several textbooks or nontechnical books for
further information.

SUMMARY AND CONCLUSIONS

The complexity of the nervous system has made
the field of neurotoxicology one of the most
demanding disciplinesin toxicology. In the last
decade, neurotoxicologists have been able to differ-
entiate the effects of many chemicals in terms of
where they act and the symptoms they produce, but
in most cases they have not yet been able to
determine the mechanisms of action. Very few
suspected neurotoxic chemicals have been evaluated
in the laboratory and even fewer have been tested
thoroughly. These chemicals act at many levels of
the nervous system and exert their effectsin a variety
of ways, with consequences ranging from mild
sensations of tingling in the extremities to severe
mental retardation, loss of sensory function, and
death. The chemicals may be particularly toxic to
susceptible populations such as the unborn, the
young, the sick, and the elderly. In order to safeguard
human populations against the potentially damaging
effects of these chemicals, it is necessary to study the
consequences of prolonged low-level exposures as
well as the effects of neurotoxic chemicals on
sensitive populations.

CHAPTER 3 REFERENCES

1. Abou-Donia, M. B., and Lapadula, D. M., “Mecha-
nisms of Organophosphorus Ester-Induced Delayed
neurotoxicity: Type | and Type Il,” Annual Review
of Pharmacology and Toxicology 30:405-440,1990.

2. Blakeslee, S., “Pervasive Chemical, Crucia to the
Body, Is Indicted as an Agent in Brain Damage,”
New York Times, Nov. 29, 1988.

3. Chang, L. W., “Mercury,” Experimental and Clini-
cal neurotoxicology, P.S. Spencer and H.H. Schaum-
burg (eds.) (Batimore, MD: Williams & Wilkins,
1980).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Cherniak, M. G., “Organophosphorus Esters and
Polyneuropathy,” Annals of Internal Medicine 104:
264-266, 1986.

Cooper, JR., Bloom, F.E., and Roth, R.H., The
Biochemical Basis of Neuropharmacology (New
York, NY: Oxford University Press, 1982).

Davis, S. D., and Richardson, R.J., ‘‘Organophospho-
rus Compounds, Experimental and Clinical Neuro-
toxicology, P.S. Spencer and H.H.Schaumburg
(eds.) (Batimore, MD: Williams& Wilkins, 1980).
Ferry, G., “The Nervous System: Getting Wired
Up,” New Scientist, Inside Science 19:1-4, Mar. 4,
1989.

Ginsburg, M.D., “Carbon Monoxide,” Experimen-
tal and Clinical neurotoxicology, P.S. Spencer and
H.H. Schaumburg (eds.) (Baltimore, MD: Williams
& Wilkins, 1980).

Katzman, R., and Terry, R. (eds.), The Neurology of
Aging (Philadelphia, PA: F.A. Davis, 1983).
Klaassen, C., “Principles of Toxicology” and “Dis-
tribution, Excretion, and Absorption of Toxicants, ”
Casarert and Doull’s Toxicology, C. Il. Klaassen,
M.O. Arndur, and J. Doull (eds.) (New York, NY:
Macmillan, 1986).

Kopin, L), and Markey, S.P., “MPTP Toxicity:
Implications for Research in Parkinson’'s Disease,”
Annual Review of Neuroscience 11:81-%, 1988.
Langston, J. W., Bdlard, P., Tetrud, J. W, et a.,
“Chronic Parkinsonism in Humans Due to a Product
of Meperidine-Analog Synthesis, * Science 219:979-
980, 1983.

Lewin, R., ‘'Big First Scored With Nerve Diseases,”
Science 245:467-468, 1989.

Morgan, J. P, “The Jamaica Ginger Paralysis,”
Journal of the AmericanMedical Association 248:1864-
1867, 1982.

National Research Council, Drinking Water and
Health (Washington, DC: National Academy Press,
1986).

Needleman, H. L., ‘*Epidemiological Studies,” Neu-
robehavioral Toxicology, Z. Annau (cd.) (Baltimore,
MD: Johns Hopkins University Press, 1986), pp.
279-287.

Restak, R. M., The Brain (New York, NY: Bantam
Books, 1984).

Riley, E.P., and Vorhees, C.V.(eds), Handbook of
Behavioral Teratology (New York, NY: Plenum
Press, 1986).

Spencer, P. S., Nunn, P. B., Hugon, J., et d., “Guam
Amyotrophic Lateral Sclerosis-Parkinsonism-Demen-
tia Linked to a Plant Excitant Neurotoxin, ” Science
237:517-522, 1987.

Spencer, P. S., and Schaumburg, H. H., “An Ex-
panded Classification of neurotoxic Responses Based
on Celular Targets of Chemical Agents, ” Acta
Neurological Scandinavia 100:9-19(suppl.), 1984.



Chapter 3-Fundamentals of neurotoxicology « 77

21.

22.

23.

Spencer, P. S., and Schaurnburg, H.H. (eds.), Experi-
mental and Clinical neurotoxicology (Baltimore,
MD: Williams & Wilkins, 1980).

Suzuki, K., “Special Vulnerabilities of the Develop- 24.

ing Nervous System to Toxic Substances, ' Experi-
mental and Clinical neurotoxicology, P.S. Spencer

and H.H. Schaumberg (eds.) (Baltimore, MD: Wil- 25,

liams & Wilkins, 1980).
U.S. Department of Heath and Human Services,

Public Health Service, Agency for Toxic Substances 26.

and Disease Registry, The Nature and Extent of Lead

Poisoning in Children in the United Sates: A Report
to Congress (Atlanta, GA: Centers for Disease
Control, 1988).

Walsh, T.J., and Emerich, D.F., “The Hippocampus
as a Common Target of neurotoxic Agents,” Toxi-
cology 49:137-140, 1988.

Weiss, B., “Neurobehavioral Toxicity as a Basis for
Risk Assessment,” Trends in Pharmacological Sci-
ences 9:59-62, 1988.

Young, B. B., ‘‘neurotoxicity of Pesticides,” Journal
of Pesticide Reform 6:2, 1986.



Chapter 4
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“There is increasing concern that basic research directed towards predicting, detecting, and understanding
neurotoxicity is being neglected by government, industry, and academic researchers.
Committee on Science and Technology

U.S. House of Representatives
September 16, 1986

“1 would say that the methyl n-butyl ketone outbreak was the key episode in bringing attention to the field
of behavioral toxicology. That signaled a shift in thinking about behavioral problems. Before Columbus,
many of us thought, ‘Well, people who work with some chemicals might have trouble concentrating, or maybe
even some temporary or unimportant changes. After Columbus, we could see that even relatively safe
chemicals, in concentrations that pose no danger to other systems of the body, can bring serious and
sometimes irreversible damage to the nervous system.

W. Kent Anger, Ph.D.
Psychology Today
July 1982

“Much more work on mechanisms of chemical neurotoxicity will be required before structure-toxicology
considerations prove generally useful as a screen for neurotoxicity.

Peter Spencer, Ph.D.

“Testimony before the House Committee on Science and Technology

October 8.1985
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Chapter 4

Research and Education Programs

Increasing public concern about the effects of
toxic substances on the nervous system has led to
some expansion of research programs in govern-
ment, academia, and industry in recent years. Even
0, the research programs are relatively small, and
questions are frequently raised as to whether they are
capable of addressing the threat that neurotoxic
substances pose to public health. The style and
purpose of research differsin each of these settings,
yet each makes important contributions. An optimal
national research program requires effective cooper-
ation among researchers in al sectors and an
appropriate balance of effort.

This chapter describes current programs in the
United States and future needs for research into the
causes, extent, and consequences of exposure to
neurotoxic substances. The first half of the chapter
describes Federal research programs; the second half
addresses research efforts under way in academia
and industry. State research programs are not
described in this report.

FEDERAL RESEARCH
ACTIVITIES

Federal research related to neurotoxic substances
is conducted primarily at the National Institutes of
Health (NIH), the Alcohol, Drug Abuse, and Mental
Heath Administration (ADAMHA), and EPA. Lim-
ited research programs are under way at the Food
and Drug Administration (FDA), the Centers for
Disease Control (CDC), the Department of Energy,
the Department of Agriculture, and other agencies.
As indicated in table 4-1, total Federal funding for
neurotoxicology -related research (excluding research
related to nicotine and smoking, alcohol and alco-
holism, and radiation) is $67 million. The bulk of
this funding (89 percent) is through ADAMHA and
NIH and tends to focus on the toxicity of drugs and
the biochemical mechanisms underlying neurologi-
cal and psychiatric disorders. A number of other
Federal agencies and organizations provide limited
funding for research related to neurotoxicity as well.
Given the threat that neurotoxic substances pose
to public health and the lack of knowledge of the
mechanisms by which these substances exert
adverse effects, OTA found that, in general,
Federal research programs are not adequately
addressing neurotoxicity concerns.

-81-

Environmental Protection Agency

The principal research component of EPA isthe
neurotoxicology Division (NTD) within the Health
Effects Research Laboratory at Research Triangle
Park, North Carolina. This division was organized in
1978 and has gradually grown into an effective
interdisciplinary research program. A committee of
EPA’s Science Advisory Board recently reviewed
NTD’s program and described it as “the leading
Federal neurotoxicology research organization” (30).
NTD research programs range from devel opment of
methods to evaluate the neurotoxicity of chemicals
to testing of specific substances and determining the
mechanisms by which toxic substances adversely
affect nervous system structure and function.

The NTD is divided into three branches: the
Neurophysiology and Neuropathology Branch, the
Behavior and Neurochemistry Branch, and the
Systems Development Branch, which provides engi-
neering and technical support services to the first
two. Recently, the Science Advisory Board review
committee recommended that consideration be given
to developing a branch to focus on cellular and
molecular toxicology (30),

EPA has developed a multidisciplinary program
to examine how toxic substances adversely affect
the nervous system. The overall program strategy
stresses the development of test methods and ap-
proaches for identifying and characterizing neuro-
toxicity and for predicting risk to humans. Studies
conducted to evaluate the cellular and molecular

Table 4-I-Federal Funding for Civilian
neurotoxicity-Reiated Research

Agency Research*($ millions)
National Institutes of Health®. ... .. 32.6
Alcohol, Drug Abuse, and Mental

Health Administration®. ......... 26.6
Environmental Protection Agency. . . 3.9
National Institute for Occupational

Safety and Health .. ........... 0.7
Food and Drug Administration . . . . . 18
Department of Energy”. .......... 05
Department of Agriculture . ... ... .. 0.4

Total ... 66.5

aTotals are based primarily on fiscal year 1988 data.
DExcludes research related to nicotine and smoking.
CExcludes research related to alcohol and alcoholism.
dexcludes research related to radiation.

SOURCE: Office of Technology Assessment, 1990.
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basis for chemically induced functional changesin
the central and peripheral nervous systems are
designed so that effects on laboratory animals can be
extrapolated to humans.

Behavioral research is aimed at evaluating auto-
nomic, sensory, motor, and cognitive functions;
developing measures to screen chemicals for neuro-
toxic potential; and evaluating specific behavioral
processes that are disrupted by exposure to toxic
substances (12). Research to determine the utility of
short-term behavioral tests for measuring neurotoxic
effects helps EPA regulatory program offices in the
development of test guidelines. Long-term research
goals include the development of anima models that
can be used to predict behavioral toxicity in humans.

Cellular and molecular research focuses on locat-
ing biochemica and anatomical sites of toxicant-
induced changes in the nervous system. This in-
cludes developing biochemical markers to identify
the targets of toxic substances within the nervous
system and performing morphological studies to
determine the structural consequences of exposure
to neurotoxic substances. NTD's long-term goals are
to develop cellular and molecular approaches that
improve neurotoxicity testing and provide a better
understanding of the neurobiological basis for risk
assessment.

The neurophysiology component of the research
program is aimed at attaining a better understanding
of how physiological processes are disrupted by
neurotoxic chemicals. A primary focus is the elec-
trophy biological evaluation of sensory systems,
which allows for direct measurement of nervous
system activity. Where possible, the program uses
methods that have direct counterparts in human
research, in order to make extrapolation easier (9).

EPA regulatory program offices need more meth-
ods of evaluating neurotoxicity, largely because of
the general requirements of the Federal Insecticide,
Fungicide, and Rodenticide Act (FIFRA) and the
Toxic Substances Control Act (TSCA) (see ch. 7).
When EPA requires industry to conduct neurotox-
icity testing under TSCA, it must specify the types
of tests required and the data it expects from them.
At times, industry may reguest permission to deviate
from EPA guidelines (e.g., in the case of test rule
development under TSCA), but these aternative test
methods must be evaluated by the Agency. NTD
provides much of the technical expertise necessary
to support EPA program officesin this regard.

NTD is actively developing and validating two
major neurotoxicity screening tests: the functional
observational battery and automated testing of
motor activity (see ch. 5). These tests are validated
by evaluating how well they confirm the neurotox-
icity of known, representative toxic substances. In
this way, profiles can be developed for classes of
neurotoxic chemicals.

Other approaches to neurotoxicity testing are also
being developed. Electrophysiological approaches
are being refined to enable investigators to monitor
the excitability of individual nerve cells or groups of
nerve cells or regions of the brain. Behavioral tests
are being developed to assess the effects of toxic
substances on memory, learning, and muscular
coordination. In addition, methods are being devised
to evaluate the effects of toxic substances on the
developing nervous system. A variety of molecular
and cellular approaches are being developed to
determine the effects of toxic substances on various
proteins in nerve cells (including enzymes) and on
several biochemical processes, including the trans-
port of substances along the axons of nerves. Tests
designed to evaluate exposures at toxic waste sites
and at chemica spills are aso being developed and
refined:

Because EPA’s neurotoxicology Division is the
principal Federal intramural research organization in
the environmental neurotoxicology field, and be-
cause resource information on the program has been
available since its inception, OTA analyzed the
funding of this program in some detail. The total
number of principal investigators (including some
postdoctoral fellows and on-site contractors) fell to
23 infiscal year 1988, down from 25 in fiscal years
1986 and 1987 (figure 4-1A). Funds for on-site
contract support remained constant over these years
at $1.7 million, up from $0.9 million in 1984 (figure
4-| B). Funds for outside contracts and cooperative
agreements have fluctuated considerably (figure
4-|C). Budget stability has been a continuing
administrative problem. According to the EPA
Science Advisory Board committee’s analysis, funds
for NTD are frequently cut with little prior notice,
impeding in particular the development of long-
range plans. As indicated in figure 4-ID, NTD’s
supplies and equipment budget has dropped precipi-
tously in recent years. In 1985, NTD allocated
$23,500 in supplies and equipment to each principal
investigator. In 1988, only $8,100 could be allocated
(figure 4-1E). In its recent review, the Science
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Figure 4-1-Resources for EPA’s neurotoxicoiogy Division
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Advisory Board committee described NTD’s
supply budget as “totally inadequate” and con-
cluded that “important research is not carried
out” because of budgetary restrictions (30).

EPA has rarely funded extramural grants in the
neurotoxicology field. A substantial grants program
in this area would be a valuable adjunct to its
intramural  program.

In recognition of the need to expand its research
programs in the neurotoxicology area, EPA recently
submitted to the Office of Management and Budget
(OMB) a request to expand its research budget by
$1.5 million. Approximately $1.0 million was re-
guested for the development of in vitro neurotoxi-

cology tests; another $0.5 million was requested to
examine adverse effects associated with cholinest-
erase inhibition and the utility of cholinesterase
inhibition as a biomarker for exposure. However
OMB alowed no funding for either research effort.
In vitro test development is often cited as a
high-priority research need because of the require-
ment to rapidly screen toxic chemicals and to try to
minimize the use of animals in research. A technica
EPA panel recently recommended that the agency
initiate studies to examine the relationship between
cholinesterase inhibition and other adverse effects
on the nervous system.

National |nstitutes of Health

Approximately 250 neurotoxicology -related re-
search projects were funded by NIH in fiscal year
1988 (29). Most were funded through competitive
grants to investigatorsin public and private institu-
tions; the rest were conducted at NIH itself. About
80 percent of the neurotoxicology -related research
(based on fiscal year 1988 expenditures) is funded
through or conducted at the Nationa Institute of
Neurological and Communicative Disorders and
Stroke (NINCDS) and at the National Institute of
Environmental Health Sciences (NIEHS) in Re-
search Triangle Park, North Carolina. (NIEHS is the
only NH-I institute not located in Bethesda, MD.)
Individual research projects averaged about $120,000.
NIH expenditures on neurotoxicology -related re-
search (excluding projects at the National Cancer
Institute related to nicotine and cigarette smoking)
totaled approximately $33 million. This is 0.5
percent of the total $6.5 billion ND-I research budget
(44). In comparison, NIH spends approximately $1.5
billion on cancer research (44), which accounts for
about 23 percent of the total research budget.

OTA found that NIH supports few programs in the
field of neuroepidemiology. NIH supports a rela-
tively large number of research projects designed to
elucidate how toxic substances influence the nerv-
ous system but devotes few resources to projects
examining the extent to which these substances
contribute to human neurological disorders. Al-
though the latter studies are often expensive and
time-consuming, they are critical to understanding
the extent to which toxic substances adversely affect
public health and in determining the direction and
scope of regulatory programs.
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National Institute of Neurologica and
Communicative Disorders and Stroke

In fiscal year 1988, NINCDS funded 71 research
projects related to neurotoxicity. All but three of
these were extramural grants to investigators at
public and private institutions. Research sponsored
by NINCDS covers abroad range of problems, from
the level of the gene, to the cdll, to the whole
organism. Much of the work focuses on the mecha-
nisms by which toxic substances adversely affect the
nervous system: for example, how the flow of ions
through membrane channels is altered by toxic
substances, how these substances cause degenera-
tion of nerves, how they ater other biochemical
components of the nerve cell, and how toxic
substances cause or contribute to neurological disor-
ders. Several projects focused on how the chemical
MPTP affects the nervous system and how it induces
symptoms of Parkinson’s disease. Other projects
examined how therapeutic drugs influence the struc-
ture and function of the nervous system. For
example, drugs used in cancer chemotherapy may
adversely affect the nervous system. It is important
to understand how and when this occurs in order to
help maximize effects on cancerous cells and
minimize damage to healthy cells.

Three intramural projects are under way at
NINCDS laboratories. The largest was funded at
more than $400,000 and is examining how cells
derived from the brain of mammals perceive and
respond to signals in their environment. A second
project is examining the neurological and behavioral
effects of MPTP on the monkey, and the third is
devoted to the mechanism by which nerves lose their
myelin sheaths.

National Institute of Environmental
Health Sciences

NIEHS conducts and supports research related to
the effects on human health of chemical, physical,
and biological agents in the environment. NIEHS
has an extensive extramural program, and it spon-
sored more than 80 grants related to the neurotoxic-
ity of environmental contaminants and other sub-
stances in fiscal year 1988. The NIEHS extramural
grants program is the largest source of Federa
funds for research grants in the environmental

neurotoxicology field. Funding for these projects
amounted to nearly $12 million. NIEHS aso re-
ceived nearly $900,000 from EPA’s Superfund
program (through an interagency agreement) to
support four extramural projects. In addition, NIEHS
funded three neurotoxicology-related contracts to-
taling $755,000. The extramura projects focused on
a broad range of neurotoxic substances, including
metals, pesticides, solvents, natural toxins, PCBS,
and other industrial chemicals. NIEHS also funded
grants to several academic institutions.

Until 1987, an intramural Laboratory of Behav-
ioral and Neurological Toxicology existed within
NIEHS. Following a management change, the labo-
ratory’s emphasis shifted to basic neuroscience
research (specificaly, molecular and cellular neuro-
biology) and its name was changed to the Laboratory
of Molecular and Integrative Neuroscience (LMIN).
This laboratory comprises three sections and severa
smaller working groups, only one of which, the
Neurobehavioral Section, focuses primarily on envi-
ronmental neurotoxicology problems. (The neuro-
toxicologist who headed that section left the Insti-
tute in 1989.) An OTA analysis of fiscal year 1988
research projects found that many LMIN research
projects in the neuroscience were only generally
related to toxicology. Of the $3 million expended on
intramural research in the neuroscience, OTA
found that only about one-fourth was devoted to
studies in which neurotoxicology was the primary
focus. Hence, OTA found that, with the exception of
the Neurobehavioral Section of LMIN, there is little
distinction between intramural basic neuroscience
research programs at NIEHS and those at other NIH
and ADAMHA institutes. This has lead to a promi-
nent intramural research gap at NIH in the environ-
mental neurotoxicology field.

National Toxicology Program

The National Toxicology Program (NTP) was
established in 1978 by the Secretary of the Depart-
ment of Health and Human Services (DHHS) to
coordinate DHHS activities related to the testing of
toxic chemicals. The program was initiated to
develop information about the toxicity of selected
chemicals, to test selected chemicals for toxicity, to
develop and validate tests and protocols, and to set
priorities for testing needs and communicate results

11 late 1988, the National Institute of Neurological and Communicative Disorders and Stroke became the National Institute of Neurological
Disorders and Stroke (NINDS), and the National Institute on Deafness and Other Communication Disorders (NIDCD) was formed. Since OTA's analysis
was based on fiscal year 1988 programs, this discussion will refer to NINCDS programs.
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to government agencies, the scientific community,
and the public. NTP coordinates toxicol ogy-related
programs within the NIEHS, the National Institute
for Occupational Safety and Health (NIOSH), and
the U.S. Food and Drug Administration’s (FDA)
National Center for Toxicological Research (NCTR).
NTP is administered by the Director of NIEHS.
Program activities are overseen by an executive
committee made up of the senior administrators of
Federa health research and regulatory agencies. The
quality of technica research programs is ensured by
an independent Board of Scientific Counselors.
After receiving nominations from participating Fed-
eral agencies and other public and private organiza-
tions, NTP selects chemicalsto be tested. Testing is
then performed by outside organizations through
contract arrangements. Federal regulatory agencies
have rarely requested neurotoxicity studies by NTP.
From 1982 to 1988, only one substance had been
nominated for neurotoxicity by the multiagency
nominating committee (16). Consequently, NTP has
sponsored little extramural neurotoxicology research
as of fiscal year 1988. One of the few projects funded
by NTP resulted in development of an automated
assessment of behavior in the home cage (13,14).
Intramurally, NTP has developed a neurobehavioral
test battery to be used as part of its analysis of target
organ toxicity. This battery will be used in atiered
testing approach to determine whether more special-
ized testing is necessary (43).

Within NIEHS, NTP is located under the Division
of Toxicology Research and Testing. The division is
composed of four branches. Carcinogenesis and
Toxicologic Evaluation, Cellular and Genetic Toxi-
cology, Chemical Pathology, and Systemic Toxicol-
ogy. Toxicological concerns focus on carcinogens
and mutagens (and to a limited degree on terato-
gens). NTP also evaluates the toxic effects of
environmental agents on organ systems, including
the nervous system. When health hazards are identi-
fied by NTP, additional studies characterizing the
hazard are often undertaken by researchers in other
government agencies, industry, and academia (16).
Although the Division of Toxicology Research
and Testing at NIEHS is the primary toxicologi-
cal testing organization within the Federal Govern-
ment, in 1988 it employed no neurotoxicologists.
As of 1989, expert in-house scientific advice was
provided through periodic consultation with the
chief of the Neurobehavioral Section of LMIN. NTP
is presently restructuring its program to address

neurotoxicological concerns more effectively. Rep-
resentatives of the NTP agencies participating in
research efforts are preparing cooperative program
plans to address neurotoxicologica.1l concerns specif-
ically (16).

National Cancer Institute

The National Cancer Institute sponsored eight
neurotoxicity-related projects in fiscal year 1988.
Half of them focused on the adverse effects of cancer
chemotherapy agents on the nervous system. The
other four examined such problems as the induction
of brain tumors by neurotoxic agents and the
treatment of pain caused by cancer. Although
smoking and nicotine are not included in this report,
it should be noted that the Institute sponsored 64
projects related to smoking and nicotine addiction.
Total funding for these 64 projects was in excess of
$26 million in fiscal year 1988.

National Institute on Aging

The National Institute on Aging (NIA) sponsored
10 neurotoxicology -related research grants in fiscal
year 1988. Several of these projects examine the
possible role of metals in causing Alzheimer’'s
disease; recent work has suggested that aluminum
may contribute to the development of the structural
changes in the brain that are characteristic of this
disease. Other projects analyze age-related changes
in the concentrations of excitatory amino acids
(aspartate and glutamate) and the reduction in brain
glutamate receptors seen in individuals with Alz-
heimer's disease, Two projects focus on MPTP, the
aging process, and induction of Parkinson's disease-
like symptoms. NIA is particularly interested in the
guestion of why certain populations of nerve cells
are particularly vulnerable to neurodegenerative
diseases. Because the mechanism of cell death may
be similar in different diseases, NIA is encouraging
research into the molecular events underlying cell
death (28). A 1988 workshop, sponsored by NIA,
examined issues related to the susceptibility of the
aging nervous system to infections and toxic sub-
stances.

The NIA has two intramural projects underway to
examine the influence of toxic metals on aging
processes and their possible role in the onset of
dementia. The distribution of metalsin the brain is
being examined, as are the factors controlling the
transport of metals across the blood-brain barrier.
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In 1988, NIA sponsored a small workshop on the
epidemiology of pesticide exposure and cognitive
disorders in aging migrant and seasonal farmwork-
ers. The effects on the human nervous system of
long-term, low-level exposure to neurotoxic agricul-
tural pesticides and herbicides are not known. The
workship assessed the feasibility of using seasonal
and migrant farmworkers, resident farmers, and
others as research subjects in epidemiological stud-
ies.

National Institute of Child Health and
Human Development

The National Institute of Child Health and Human
Development sponsored 11 research projects related
to neurotoxicity in children in fiscal year 1988, with
funding totaling approximately $1.2 million. Six of
these projects focus on lead, which adversely affects
the developing nervous system (see ch. 10). Two of
the projects analyzed the effects of drugs used to
treat epilepsy on the fetuses of mothers who must
take these drugs. There is evidence that valproic
acid, a drug widely used to treat epilepsy, adversely
affects the nervous system of the developing fetus.
The effects of valproic acid and phenytoin (another
antiseizure drug) on the development of the nervous
system of rhesus monkeys are being examined.

Another project is evaluating the effects of diets
high in sugar or the artificial sweetener aspartame, or
both, on the behavior and mental development of
children. Other projects are examining mechanisms
by which acrylamide, alcohol, and other substances
affect the developing brain.

Division of Research Resources

The Division of Research Resources funded a
total of 47 neurotoxicity-related research projects at
various private and public research institutions.
Projects focused on a broad range of toxic sub-
stances, including lead, pesticides, chemotherapy
agents, ethanol, mercury, MPTP, and natural ven-
oms and toxins. Total funding for these projectsin
fiscal year 1988 was $788,000.

Other NIH Institutes and Organizations

The National Institute of Allergy and Infectious
Diseases (NIAID), National Institute of General
Medica Sciences (NIGMS), National Heart, Lung,
and Blood Institute (NHLBI), National Center for
Nursing Research, Fogerty International Center
(FIC), and Nationa Institute of Dental Research

Photo credit: John O’Donoghue

This photograph illustrates the swelling of axons (dark
areas) that can occur following exposure to a neurotoxic
substance, in this case, 2,5-hexanedione.

sponsored several projects concerned with neurotox-
icity. These include projects investigating the ac-
tions of a paralytic toxin from asnail (NIGMS), the
adverse effects of an antibiotic on hearing (NIGMS),
how bacteria degrade and avoid the effects of
organophosphates (NIGMS), the possible neuro-
toxic effects of drugs used to treat Herpes virus
infections (NIAID), the side-effects of drugs used to
treat high blood pressure (NHLBI), and the effects of
antipsychotic drugs on brain dopamine receptors

(FIC).
Nationa Library of Medicine

The National Library of Medicine (NLM) sup-
ports toxicological research by maintaining auto-
mated toxicology databanks and providing informa-
tion services. The Toxicology Information Program
was established in 1967 in response to a recommen-
dation made by the President’s Science Advisory
Committee that efforts to handle toxicological
infformation be enhanced. The NLM maintains
several computerized, interactive retrieval services,
including Toxline, Toxnet, and Chemline. Toxline
provides information on the toxicological effects of
drugs and chemicals. Toxnet contains information
on potentialy toxic or hazardous substances. Chem-
line is a chemical dictionary providing chemical
names, synonyms, registry numbers, molecular for-
mulas, and rel ated information.
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Alcohol, Drug Abuse, and Mental Health
Administration

ADAMHA is composed of the National Institute
on Alcohol Abuse and Alcoholism (NIAAA), the
National Institute on Drug Abuse (NIDA), and the
National Institute of Mental Health (NIMH). As
indicated in chapter 2, OTA is excluding research on
alcohol and alcoholism from this assessment; conse-
guently, research programs at NIAAA will not be
described. Both NIDA and NIMH have extensive
research programs to examine the neurotoxic effects
of drugs (NIDA) and the influence of neurotoxic
substances on mental health (NIMH).

National Institute on Drug Abuse

NIDA sponsors a large research program related
to the neurotoxicity of abused drugs. In fiscal year
1988, it funded 110 neurotoxicity-related grants.
Total extramural funding was $15.5 million, or
approximately $140,000 per grant. The extramural
program addresses a broad range of issues from a
variety of perspectives, including biochemical, phar-
macological, pathological, and behaviora studies
(14) and supports studies on all abused drugs. In
1988, it spent $1.5 million on in vitro studies of the
neuropathological effects of drugs and on the
neurotoxicity of designer drugs, cocaine, and in-
haled solvents. An interagency agreement with
NCTR supported studies of marijuana neurotoxicity
(12).

Intramural research at NIDA is conducted at the
Addiction Research Center in Batimore, Maryland.
Scientists at the center are examining the adverse
effects of drugs such as MDMA (* ‘ecstasy’ and the
related drug fenfluramine, cocaine, and THC, the
active component of marijuana. The center’s neuro-
toxicology-related research is conducted primarily
in its neurobiology laboratory, but projects are also
being carried out in its molecular pharmacology,
preclinical pharmacology, neuropharmacology, neu-
roendocrinology, immunology, and cognitive sci-
ences laboratories. Through an interagency agree-
ment, FDA has provided the Addiction Research
Center with funding to develop and validate method-
ologies for assessing the neurotoxicity of various
drugs currently prescribed or under consideration for
treatment of neuropsychiatric disorders. The center
has been asked by the Drug Enforcement Adminis-
tration to assess the neurotoxicity of some sub-
stances that are currently under consideration for

regulatory scheduling (8). Funding for intramural
neurotoxicity-related research in fiscal year 1989
was approximately $256,000 (8).

National Institute of Mental Health

A sizable portion of NIMH’s research effort is
devoted to neurotoxicity-related concerns. In fiscal
year 1988, it funded 65 extramural grants totaling
$8.6 million (excluding alcohol-related research), an
average of some $132,000 per grant. These grants
supported research into such issues as the mecha-
nisms by which psychoactive drugs influence nerv-
ous system function, ways of minimizing the ad-
verse effects of psychoactive drugs, and the contri-
bution of toxic substances to neuropsychiatric disor-
ders (14).

NIMH spent $2.2 million on eight mgjor intramu-
ral research programs related to neurotoxicity. These
programs are examining how toxic substances influ-
ence behavior and memory, how toxic substances
may contribute to such diseases as Parkinson's
disease and dementia, the mechanisms by which
toxic substances disrupt biochemical processes within
nerve cells, and methods of detecting toxic sub-
stancesin the brain (14).

Food and Drug Administration

FDA'’s primary responsibility is to protect “the
health of the Nation against impure and unsafe
foods, drugs and cosmetics, and other potential
hazards’ (27). neurotoxicity research at FDA is
limited in size and scope. A small research program
(within one laboratory) exists in the Center for Food
Safety and Applied Nutrition (CFSAN), but there is
no significant research program in the Center for
Drug Evaluation and Research. Several intramural
research projects related to developmental neurotox-
icology and one extramural project are underway at
the National Center for Toxicological Research.

Center for Food Safety and Applied Nutrition

The General and Molecular Toxicology Branch of
CFSAN conducts toxicological research related to
food and nutrition and examines approaches to
assessing health risks posed by food additives. The
Neurobehavioral Toxicology Team (NBT), one of
five teams within this branch, conducts neurotoxi-
cological studies in this area. With the recent
departure of a principal investigator, NBT currently
consists of only the team leader, one laboratory
biologist, and several laboratory assistants.
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In recent years, FDA has interacted closely with
EPA’s Health Effects Research Laboratory, and for
some time FDA has transferred funds to EPA as part
of an interagency agreement (37,38). NBT is cur-
rently examining how altered ratios of carbohydrates
to proteins affect brain function and how toxic
chemicals are distributed in the brain. The team is
also developing dog and miniature swine model
systems that may eventually prove useful in predict-
ing the effects of toxic substances on the human
nervous system. Efforts are being made to assess the
reliability and sensitivity of the model through a
collaborative effort with investigators at NIMH.

The FDA is sponsoring three extramural projects
related to aspartame and the influence of dietary
amino acids on brain function (see app. A). One
contractor is examining how changesin the relative
concentrations of dietary amino acids affect the
function of transmitters and receptors at neuronal
synapses. Under an interagency agreement with
FDA, NIEHS is determining whether an altered
amino acid balance affects neuronal excitability or
induces behavioral changes, or both, in adult and
developing animals. FDA aso has an interagency
agreement with the Federal Aviation Administration
to conduct clinical studies of the effects of aspartame
on cognitive functions (39).

National Center for Toxicological Research

Located in Jefferson, Arkansas, NCTR conducts
toxicology research programs that:

... study the biological effects of potentially toxic
chemical substances found in the” environment,
emphasizing the determination of the health effects
resulting from the long-term, low-level exposure to
toxicants and the basic biological processes for
chemical toxicants in animal organisms; develops
improved methodologies and test protocols for
evaluating the safety of chemical toxicants and the
data that will facilitate the extrapolation of toxico-
logical data from laboratory animals to man; and
develops Center programs under the National Toxi-
cology Program (27).

neurotoxicity-related research at NCTR currently
focuses on developmental issues. NCTR is well
qualified to carry out investigations of toxicological
problems. Expertise is available in the areas of
neurochemistry, neuropathology, neuropharmacol-
ogy, behavioral pharmacology, primatology, devel-
opmental neurotoxicology, and nutritional influence
on neurotoxicity.

Approximately one-third of the intramural re-
search conducted within NCTR’s Division of Repro-
ductive and Developmental Toxicology is devoted
to developmental neurotoxicology and related is-
sues. The approximately $1.3 million intramural
neurotoxicology effort includes seven to eight full-
time scientists, seven to eight laboratory technicians,
and two to three graduate students (32).

From fiscal year 1983 to 1988 NCTR conducted
a study of the effects on primates of chronic
exposure to marijuana. This project was not funded
by FDA, but through an interagency agreement with
NIDA. Cumulative fiscal year 1983 to 1987 funding
was $1.8 million. The project was then extended for
1 year (through fiscal year 1988) at $748,000.

NCTR has the facilities, equipment, and person-
nel to expand interdisciplinary research in neurotox-
icity and to conduct research related to therapeutic
drugs and food additives, but it is currently con-
strained by lack of funds. NCTR recently decided to
consider establishing a formal neurotoxicology unit.

Agency for Toxic Substances and
Disease Registry

The Agency for Toxic Substances and Disease
Registry (ATSDR) is responsible under the Compre-
hensive Environmental Response, Compensation,
and Liability Act of 1980 (CERCLA, or Superfund)
and the Superfund Amendments and Reauthoriza-
tion Act of 1986 to carry out applied research on
health effects of exposure to hazardous substances.

Hazardous waste sites contain solvents, pesti-
cides, and metals, all of which are known to be
neurotoxic. These chemicals have been released
from waste sites into the air, soil, and water
however, it is not known what neurotoxic effects, if
any, will be caused by long-term exposure to these
chemicals in the environment. The neurotoxic ef-
fects on sensitive and vulnerable populations, for
example, pregnant women, young children, and the
elderly, are also not understood.

ATSDR isrequired by statute to compile alist of
the 200 most toxic substances found at Superfund
sites. This list contains hazardous substances known
to cause neurotoxic effects (e.g., toluene and others).
ATSDR is also required to fill in any significant gaps
in data on adverse health effects associated with
exposure to these chemicals. For many of these
chemicals, little is known about their neurotoxic
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effects. ATSDR is collecting information on the
neurotoxicity of these substances for dissemination
to the public (4).

Another way that citizens may come into contact
with solvents, pesticides, and metals is when one or
more of these chemicals is spilled during transport.
The acute and chronic neurotoxic effects in rescue
workers and others who respond to spills and in
citizens who do not have the time, knowledge, or
ability to evacuate an area are not known. These
situations can be serious because frequently there is
a large concentration of the chemica in one location,
the incident occurs suddenly, and the populations
exposed may not know how to minimize adverse
effects (4). Although ATSDR does not conduct or
sponsor laboratory research in this area, it recently
supported the National Academy of Sciences study
neurotoxicology and Models for Assessing Risk, and
was a cosponsor of the Third International Sympo-
sium on Neurobehavioral Methods in Occupational
and Environmental Health.

Nationa Institute for Occupational Safety
and Health

NIOSH has identified neurotoxic disorders as one
of the 10 leading occupational problems in the
United States. NIOSH funds intramural and extra-
mural activities designed to implement a program to
identify, characterize, and control exposure to neuro-
toxic agents.

Intramural activities include an extensive surveil-
lance program directed toward identification of a
wide range of possible endpoints that may include,
but are not restricted to or focused exclusively on,
neurotoxic agents. These activities include the
development of a database describing exposures
from an extensive sampling of workplaces through-
out the Nation, in order to identify patterns of use of
known neurotoxicants, and a health hazard evalua-
tion program that responds to requests for workplace
assessments throughout the Nation (and which has
identified cases of neurotoxic exposure in the past).

The identification and characterization of neuro-
toxic agents are conducted through both the intramu-
ral and extramural programs. Current intramural
research includes the evaluation of possible long-
latency effects of chronic exposure to ethylene and
propylene oxide in primates and the effects of acute
exposures to aiphatic carbons on motor activity and
physiology of rodents. A human study is aso being

designed to evaluate the impact of exercise on
exposure to combinations of chemicals. Effects of
exposure will be assessed by means of behavioral
measures and will be correlated with pharmacologi-
cal information. A study of workers exposed to
pesticidesisin the early stages of devel opment.

The primary thrust of NIOSH’s intramura pro-
gram is methods assessment. The Institute is partici-
pating in the National Health and Nutrition Survey,
in which approximately 6,000 people from around
the Nation will be given three tests from the
Neurobehavioral Evaluation System (NES) in order
to develop baseline data for future evaluations of
exposure to neurotoxic chemicals. Similarly, NIOSH
is one of three organizations conducting the interna-
tional, cross-cultural assessment of the Neurobehav-
ioral Core Test Battery (NCTB) recommended by
the World Health Organization. The NCTB assess-
ment has been conducted jointly with an evaluation
of the NES. In this study, people in different age
ranges were administered both batteries, thus pro-
viding information on the effects of participant age
and means of administration. The NES is adminis-
tered by a computer, and the NCTB is administered
by a psychologist or other suitably trained profes-
siona (6).

Funding for that portion of the intramural program
directed exclusively at assessing neurotoxic disor-
ders includes nine full-time-equivalent staff (includ-
ing four persons with Ph.D.s) and $90,000 for the
four projects currently funded.

Funding for neurotoxicology-related grants makes
up a small portion of the total NIOSH extramural
budget. In 1989, that total was $6.1 million, with
$0.2 million (6), or less than 4 percent, devoted to
neurotoxicology -related research. Since 1985, fund-
ing for neurotoxicology -related grants has declined,
reflecting in part a decline in NIOSH' s total extra-
mura grants budget (figure 4-2). The current NIOSH
budget has approximately half the buying power it
did in 1980, due to inflation and budget cuts (47).
NIOSH extramural grant programs are clearly weak
in the neurotoxicology area.

Center for Environmental Health

Toxicology research at the Center for Environ-
mental Health (CEH) in Atlanta, Georgia, is con-
ducted under two divisions. The Division of Envi-
ronmental Hazards and Health Effects is responsible
for design, implementation, and analysis of expo-
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sure assessments and epidemiological studies. The
Division of Environmental Health Laboratory Serv-
ices develops and standardizes laboratory methods.

CEH is designing sensitive laboratory tests to
assess the impact of toxic chemicals on public
health. A magjor objective of its program is to
develop tests that will enable investigators to
evaluate toxic substances under a variety of biologi-
cal conditions. Another major objective is to con-
duct tests at sites of environmental hazards to
determine the threat to human health.

CEH conducts epidemiological investigations of
human exposure to environmental hazards, includ-
ing man-made and naturally occurring toxic sub-
stances, and determines the health effects resulting
from exposure. It aso provides emergency response
to environmental disasters.

Department of Defense

The Department of Defense conducts and sup-
ports research related to neurotoxicity, much of
which is relevant to the toxicity of chemical warfare
agents. Defense-related neurotoxicology research
programs were not evaluated by OTA for this report.

Department of Energy

The Department of Energy (DOE) supported only
two research projects related to neurotoxicology
through grants to public institutions in fiscal year
1988. Total funding of these projects was $487,000

20-812 - 90-3:QL 3

(46). The first project examined the effects of
environmental agents (as well as endogenous
hormones and neurotransmitters) on cultured brain
cells, A magjor goa of the project was to anayze the
sensitivity of three major types of brain cells to
environmental agents and to identify chemicals that
influence the survival, proliferation, and differentia-
tion of these cells.

The second project focused on the biological
effects of magnetic fields. This type of non-ionizing
radiation emanates from magnetic resonance imag-
ing devices used in medicine and to a lesser extent
from high-voltage power lines. There is considera-
ble debate as to whether magnetic fields in the
vicinity of high-voltage power lines adversely affect
the nervous system. In this project, researchers have
used several techniques to examine a series of
physiological parameters, including possible effects
on vision and other nervous system functions.

The Department of Energy Organization Act of
1977 mandates that DOE carry out the planning,
coordination, support, and management of a bal-
anced and comprehensive energy research and
development program. The Act requires that DOE
advance the goals of restoring, protecting, and
enhancing environmental quality and assuring pub-
lic health and safety (Public Law 93-577, Title 42).

For several years, DOE supported applied re-
search on the neurotoxicological and behavioral
effects of chemicals. Recently, however, it changed
the focus of some of its research programs from
energy-related issues to fundamental biological
guestions, for example, sequencing the human
genome. This shift in direction appears to have led
to reductions in applied toxicological research,
including work in the neurobehavioral field.

DOE research programs are currently not ade-
quately addressing neurotoxicological concerns. DOE
could be conducting neurotoxicological research
into the health effects of energy-related processes
and products including lead and lead substitutes in
gasoline, methanol, and other fuels, and heavy
metals used in nuclear and nonnuclear processes. It
could be examining the effects of combustion
products on the nervous system, and it could be
working with Federal agencies and other public and
private organizations to develop new and better
toxicological teststo evaluate these effects.
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Department of Agriculture

The U.S. Department of Agriculture (USDA)
supports a small number of extramural research
projects related to neurotoxicology. These projects
are administered through the Cooperative State
Research Service and fall into four major categories:

1. USDA competitive research grants,

2. speciad grants to State Agricultural Experiment
Station scientists,

3. animal health funds, and

4, Hatch Act funds (34).

In fiscal year 1988, USDA supported 25 research
projects related to neurotoxicology, nearly all of
them involving insecticides and their metabolizes.
Total funding for these projects was $422,000. Most
of the research was supported by Hatch Act funds;
the remainder was supported by special grants,
animal health funds, and competitive grants. USDA
research efforts span a wide range of objectives,
from molecular biology and biochemistry, to structure-
activity relationships, monitoring of agriculture
workers, and the development of poisoning anti-
dotes (21,33).

National Aeronautics and Space
Administration

Toxicology research within the National Aero-
nautics and Space Administration (NASA) is con-
ducted in the Biomedical Laboratories at the
Johnson Space Flight Center in Houston, Texas.
Space flight involves prolonged confinement in an
artificial atmosphere with an array of equipment and
materials. The Biomedical Laboratories evaluate
spacecraft equipment and materials to ensure that
flight crews are not exposed to harmful levels of
toxic substances.

Inthe last several years, NASA has evaluated the
neurobehavioral effects of many potentially toxic
substances, including polyurethane thermal decom-
position products, bromothifluoromethane, and vari-
ous fire-extinguishing agents. In 1988, NASA com-
pleted a study of continuous low-dose exposure to
Halon 1301, the active component in fire extinguish-
ers in the space shuttle cabin.

NASA has established maximum allowable con-
centrations (MACs) of atmospheric contaminants in
manned spacecraft for missions of up to 7 days.
These criteria are used in the development of all
materials that will be used in space vehicles to

ensure a nontoxic cabin atmosphere. In 1981, MACs
were established or revised for some 200 chemicals
that might be used in spacecraft.

ACADEMIC RESEARCH
ACTIVITIES

Research interest in the neuroscience has in-
creased rapidly in the last decade, as evidenced by
growth in the membership of the Society for
Neuroscience. The neurobehavioral sciences have
made major advances in recent years, and society
can continue to expect new and important discover-
ies that will not only improve understanding of the
brain and behavior, but also make substantial
contributions to public health. In the last decade,
neurobehavioral toxicology has become an increas-
ingly active field. Scientific papers are published in
an array of journals, including two specialty journals
(Neurotoxicology and Neurotoxicology and Teratol-
ogy). A neurotoxicology specialty section has been
organized within the Society of Toxicology, and two
small scientific societies have been formed, the
Behavioral Toxicology Society and the Behavioral
Teratology Society. Behavioral scientists and neu-
roscientist have been appointed to the editoria
review boards of the journals of the Society of
Toxicology and participate in the peer review
process of the extramural grants programs sponsored
by NIH, ADAMHA, and EPA (48). However,
despite recent advances, U.S. neurotoxicology re-
search programs are small relative to the threat
neurotoxic substances pose to public health.

Factors Influencing Academic Research
Directions

Neurotoxicology will continue to benefit from the
rapid advances being made in understanding the
structure and function of the nervous system. With
the tools of modern molecular biology and pharma-
cology, investigators are mapping and redefining the
brain itself. As researchers learn more about the
brain and its molecular components, they gain
insights into how chemicals can alter nervous
system structure and function. The detailed study of
simple neuronal systems in invertebrates or in tissue
culture can aid in understanding the mechanisms by
which chemicals exert their effects in mammals;
such studies should assist in screening for neurotox-
icity. Improved understanding of the behavioral
determinants of chemical actions will assist in the
construction of test systems that will facilitate both
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the detection and characterization of toxic effects.
Increased efforts in academia, as well asin industry
and government, are necessary in order to move
beyond basic research and to apply basic knowledge
to the development and validation of neurotoxicity
tests.

The challenge in the years ahead will be to foster
basic research and to persuade investigators and
students that the field of neurotoxicology offers
substantial opportunities for increasing our under-
standing of the structure and function of the nervous
system. The neuroscience could provide novel and
beneficial approaches to many important occupa-
tional and environmental health problems. These
include identifying subtle neurological and psychi-
atric disorders occurring in exposed populations;

exploring why some individuals appear to be partic-
ularly sensitive to chemicals; and developing prepa-
rations targeted at health problems associated with
single chemicals, industries, occupations, modes of
transportation, sources of energy, urban environ-
ments, and dietary habits. If occupational and
environmental chemicals do play a key role in
causing neurodegenerative disorders, for example,
Parkinson's disease and Alzheimer’s disease, pre-
vention becomes an important goal.

The contributions of colleges, universities, and
research institutes to neurotoxicology depend on
continued grant support for research and graduate
education. Neurotoxicology research and training
take place in many university and medical center
contexts, for example, departments of pharmacol-
ogy, toxicology, pathology, psychology, neurology,
psychiatry, anatomy, obstetrics and gynecology,
ophthalmology, pediatrics, epidemiology, and occu-
pational, environmental, preventive, and community
medicine. There are only a few laboratories or
institutes around the country that focus on neurotox-
icology. There are no broadly based centers or
departments of neurotoxicology. Thus, there are few
environments in academia where neurotoxicology or
behavioral toxicology is a major focus. As in any
academic research environment, the spatial, finan-
cial, and personnel resources available, as well as the
professional advancement and remuneration of the
investigator, depend on the perceived merits of the
research and on the interest and goodwill of the
researcher’s colleagues (48).

What leads an investigator to study a particular
neurotoxic substance? In many cases, a chemical is
of interest not because of its impact on human health,
but because of its usefulness as a tool to study
nervous system structure or function. Such studies
provide necessary information about the substrates
on which chemicals exert their effects and the
mechanisms by which the effects occur. Knowing
the mechanism of action of a toxic substance not
only advances our knowledge, but aids in predicting
what other chemicals will have similar effects. In
other cases, a neurotoxic substance is selected for
study because it has produced human injuries that
have been well described or, if the compound has
injured only a few people, because the injuries
produced a severe impairment, repeatable in ani-
mals, that is of interest to the investigator, a funding
agency, or public interest organization. There is aso
academic interest in understanding the possible role
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of toxic chemicals in triggering neurodegenerative
diseases.

Universities see basic research as one of their
principal missions; routine toxicity evaluations are
not usually considered to be an appropriate use of
university resources or faculty time. There is little
interest in studying either proprietary products or
chemicals about which little or nothing is known
unless the study offers insight into the mechanisms
by which related chemicals exert known effects.

Funding pressures play a substantia role in an
investigator’s choice of research project. Two fac-
tors are at work: 1) the difficulty of finding a
sponsoring agency, and 2) the short duration of
typical grant awards. Neurotoxicology, like other
emerging areas of toxicology, is a discipline that
generates relatively small numbers of grant applica
tions. Consequently, for the most part, there are no
initial review groups, that is, expert committees
appointed by Federal agencies to review the merits
of neurotoxicology grant proposals. A study section
charged with reviewing occupational or environ-
mental health problems may understand the conse-
guences of human exposure to a compound but not
be able to review adequately the scientific methods
of a research proposal or to balance its merit and
relevance against those of other studies. If the
proposal is forwarded to a study section that is
competent to review the techniques involved, it may
till face difficulties. A proposal deemed an appro-
priate application of existing techniques to an
“applied” problem would not fare well in competi-
tion with a proposal that advances “basic” knowl-
edge. One funding strategy that has been productive
is to integrate neurotoxicity studies with a larger,
multidisciplinary center or program project. In
general, the success of any grant application depends
largely on both accurate identification of the funding
agency and specific tailoring of the proposal to the
initial review group (48).

Funding usually extends for 3 to 5 years and takes
the form of an individual grantor a multidisciplinary
program project or center grant. Progress, as meas-
ured by publications, is necessary to maintain a
research career. In order to achieve results rapidly,
investigators are frequently drawn to compounds
that produce easily recognized and reproducible
effects after exposing animals for brief periods.
Experiments involving agents that require inhalation
exposure or chronic administration are more costly

and require more effort, hence the number of journa
articles produced at the end of the project is
correspondingly reduced.

Cooperative Agreements Between
Government and Academia

Government agencies sometimes channel intra-
mural funds to ‘investigators in universities or
research institutes. These negotiated agreements
tend to focus on projects of mutual interest and
usually address specific problems. They have the
advantage of permitting questions to be examined
more rapidly and at less expense than would be
possible intramurally. As a means of supporting
extramural research programs, however, they have
drawbacks: they often do not benefit from the
intense scrutiny of the peer review process, and they
tend to devalue research that does not produce data
and conclusions in the short term. In times of tight
budgets, this pattern of funding is the frost to be cut,
because it is usually derived from the resources
available to support intramural programs.

INDUSTRIAL RESEARCH
ACTIVITIES

Industrial research falls into several categories
and is funded by several mechanisms:

1. internal basic and applied research,

2. research conducted in contract |aboratories,
3. research conducted through consortia,

4, contract research through universities, and
5. research grants for universities.

Toxicity evaluations conducted as part of interna
applied research are necessary to develop safe and
effective products, to protect employees, to protect
the environment, and to control cost liability.
Research programs vary considerably, depending on
the types of products manufactured and economic
considerations.

Pesticide I ndustry

The search for new pesticides begins with screen-
ing tests, which are designed to provoke a particular
biological response. The toxicity profiles developed
from screening tests may be considered to be
proprietary information, because disclosure of them
could give the competition information useful for
product development. There are, however, methods
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of giving outside experts data without compromis-
ing trade secrets.

Industry is willing to perform tests to obtain or
maintain product registration, but it is cautious about
devoting funds to the development of test protocols
that might not satisfy regulatory authorities. Govern-
ment and academic scientists may suggest testing
strategies that they judge to be appropriate but may
find it difficult to defend a specific testing scheme if
there is an inadequate history of testing for the class
of compounds in question or the extent of the public
health hazard and possible economic impacts on
society are difficult to predict (48).

Pharmaceutical Industry

Drug development begins with screening and
development of structure-activity relationships. Acute
and subchronic toxicity information emerges early
in the process, but characterization of chronic
toxicity usually develops more slowly. The quest for
biological activity has produced some compounds
that reach the market, but most are important
research tools for the neuroscience and have no
clinical utility or are too toxic to be used clinically.

Pharmaceutical industry research on toxic sub-
stances is directed largely toward therapy for central
nervous system impairments and the development of
anima models for screening drugs to ameliorate the
signs and symptoms of nervous system damage.
Examples of such injuries include oxygen starvae-
tion, MPTP-induced Parkinsonism, seizures in-
duced by convulsant drugs, and brain injuries
produced by excitotoxins (chemicals that produce so
much activity in localized areas of the brain that the
cells there die). The pharmaceutical industry also
evaluates compounds in behaviorally normal ani-
mals and in the offspring of mothers exposed to toxic
substances. It has promoted the development of a
variety of neurotoxicity tests. The research contribu-
tions of the pharmaceutical industry emerge as a
product nears approval. However, asistrue in other
sectors, much information generated by industry is
never made public, even though it may be important
in other contexts (48).

Consumer Product I ndustry

Information about the toxicity of consumer prod-
ucts typically emerges from premarket testing,
human exposures, accidental ingestions by consum-
€rs, or in response to regulatory demand. Manufac-

turers of consumer products frequently maintain
vigorous product development research teams. Their
work sometimes produces serendipitous findings of
wider interest, but it seldom sheds light on the
possible neurotoxicity of their products.

Little information on the neurotoxicity of con-
sumer products has been generated as a result of
these recommendations. The laws administered by
the Consumer Product Safety Commission (CPSC)
permit the agency to require some toxicity evalua-
tions as part of compliance with labeling and
packaging regulations (15 U.S.C. 1261—Federal
Hazardous Substances Act). For severa years CPSC
has encouraged regulated groups to develop volun-
tary standards. One such group is the art supplies
industry, which developed recommendations for
minimizing injuries through product labeling. (Some
materials used by artists have neurotoxic potential.)
Labeling standards may, in turn, prompt manufac-
turers to reformulate products in order to minimize
toxicity and the need for warnings at the point of
purchase. These recommendations were recently
given the force of law in the Art Materials Labeling
Act (Public Law 100-695).

Specialty and Commodity Chemical Industries

Chemical companies have a mixed record with
respect to minimizing the adverse effects of chemi-
cals on the heath of their workers. Like other
industries, however, they have no interest in market-
ing chemical products that may become substantial
liabilities. Some companies rely on developing
information of such high quality that it defines the
state of the science—this is no doubt the best defense
of a successful and prestigious corporation. To
achieve this end, good scientists must be recruited
and maintained as vigorous members of a corporate
team. A good example is the publication by scien-
tists at one major U.S. corporation of a series of
high-quality papers describing the role of diketones
in causing peripheral neuropathy (20). Unfortu-
nately, less well capitalized companies cannot afford
to invest in research of this kind, instead testing
solely to comply with regulatory requirements.
Commodity chemicals are produced by a number of
different companies, so it is generally not in the
interest of any one company to assume responsibil-
ity for evaluating the adverse health effects of a
particular substance. The companies that manufac-
ture and distribute such chemicals could be com-
pelled to address the chemical’s toxicity under
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TSCA, or they could avoid such regulation by
supporting a testing program under the auspices of
a trade association.

INTERACTIONS AMONG
GOVERNMENT, ACADEMIA,
AND INDUSTRY

Industry and Government Consortia

Industry and government consortia devoted to
environmental health are rare. One such consortium
is the Health Effects Institute (HEI), an independent,
nonprofit corporation ‘‘organized and operated to
study the health effects of emissions from motor
vehicles . . .’ (18). HEI serves as a potentia model
for other consortia. The institute makes no regula
tory or social policy recommendations; its goal is
“simply to gain acceptance by all parties of the data
that may be. necessary for future regulations’ (34).
It has joined together the regulator and the regulated
industry in mutual support of research activities
targeted at joint concerns, and it does so by deriving
funding jointly from EPA and the automobile
industry.

The institute has recognized the importance of the
effects of automobile emissions on the nervous
system and on the quality of life in general. It has
conducted a review of the topic (48) and has
solicited research proposals in this area, The HEI
model is a promising one for circumstances in which
health concerns are generic and in which proprietary
and competitive interests do not interfere with
industry’s participation.

Industry Research Consortia

The Chemical Industry Institute of Toxicology
(CIIT) is a research ingtitute funded by a consortium
of chemical companies to study commodity chemi-
cals of concern to members. CIIT has achieved a
reputation for conducting excellent toxicological
research targeted at a broad range of problems and
has generated considerable goodwill in the process.
Interest in neurotoxicity issues has recently been
evidenced in the publications of the institute. How-
ever, in the absence of a significant new initiative,
the contributions of this organization to knowledge
of neurobehavioral effects may be limited.

CHT could serve as a model for other industries
with common interests, particularly industries meet-
ing similar regulatory challenges. The pesticide

industry as a group makes proprietary products, and
it is unlikely that a group of competitors would be
willing to share the cost of generating information
about a single member’s profit-making product. The
companies are bound together by a common desire
to be regulated appropriately and efficiently, how-
ever, and they could benefit from a joint research
program that would help advance the state of the art
in toxicology and risk assessment. This would
include advances in the development of in vitro
testing, the extrapolation of data from rodents to
primates, the validation of screening approaches
tailored to the needs of the pesticide industry, and
the detailed characterization of identified toxicities
and their mechanisms of actions, an important
contribution to the risk assessment process.

Other industries with profitable products are
challenged periodicaly by a rule-making activity or
judicial finding requiring them to provide toxicity
information. Such organizations might find it in
their interest also to be part of a larger, standing
organization with a governance structure that en-
sures that its research and testing of products are of
the highest quality.

Cooperation in Epidemiological Investigations

Since individuals working in the chemical indus-
try amost invariably experience higher levels of
exposure to chemicals than do other groups in
society, they are at greater risk of suffering the
adverse effects of exposure to toxic substances.
Thus, workers also serve as a sentinel population for
the detection of neurotoxic disorders that occur in
the general population. Often, workers are the first
to identify adverse effects and bring them to the
attention of their doctors. Epidemiological studies
can be initiated by a number of organizations, but
they are most often conducted by the CDC, ATSDR,
and State health authorities. CERCLA and TSCA
require manufacturers to collect and keep informa-
tion regarding exposure and effects on health.
Unions can play an important role in obtaining
cooperation and in ensuring compliance with these
efforts.

Unions can also help stimulate research activities
pertinent to the health of their members. The United
Auto Workers recently established jointly adminis-
tered research programs with Ford, General Motors,
and Chrysler in which studies of neurobehavioral
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toxicity were identified as a priority. The funding
was directed predominantly at human studies (26,49).

Charitable Organizations

The Third World Medica Research Foundation is
asmall, U.S.-based, nonprofit organization that
encourages university and other biomedical scien-
tists worldwide to find innovative solutions to toxic,
nutritional, and other disorders of importance to
developing countries. Working with university and
NIH scientists, it was able to demonstrate the
association of African cases of spasticity with
infection by the HTLV-1 virus and to disprove a
proposed causal association with methylmercury.
More recently, it has focused on promoting the
development of non-neurotoxic strains of the grass
pea to prevent the spastic disease lathyrism and to
generate safe, drought-resistant food and animal
feed for drought-stricken areas of Africa and Asia

EDUCATION

Education of Research Scientists

A significant portion of current knowledge about
the effects of neurotoxic substances comes from
basic research and the application of that research to
environmental health problems. Yet many observers
believe that there are too few scientists adequately
trained in both neuroscience and toxicology. As
discussed earlier in this chapter, research training
exists in a variety of universities and medical
centers, but there are few places in academia where
neurotoxicology is a major focus.

The National Institute of Environmental Health
Sciences awards grants to educational institutions
for the training of environmental toxicologists.
These grants support approximately 200 doctoral
students in 24 universities. Only about half the
schools offer intensive training in any aspect of
neurotoxicology. Few ingtitutions have comprehen-
sive academic programs with adequate faculties to
undertake a substantial research program. Since it
takes about 5 years for a graduate student to earn a
doctorate, fewer than 40 students supported by these
training grants finish their degrees each year. Only
some 10 to 15 students graduate from strong
programs in neurotoxicology in the United States
each year. While this does not mean that positions
demanding an education in neurotoxicology will
necessarily go unfilled—there are many other,
usually small, programs that award the doctorate but

do not have training grants-it does mean that the
primary Federal program targeted to the Nation's
manpower needs in toxicology can make only a
small contribution in the area of neurotoxicology
(23).

The NIEHS institutional training grants also
support about 80 postdoctoral trainees, and another
5 students receive fellowships directly though individ-
ual training grants. Of course, many of these trainees
come from predoctoral training programs in toxicol-
ogy and thus represent no net gain in numbers. Since
postdoctoral training takes a minimum of 2 years
and only a fraction of the trainees stay in the field of
neurotoxicology, this source yields only a small
number of fully trained neurotoxicologists per year
(23).

The American Board of Toxicology (ABT) certi-
fies professionals in general toxicology. The certifi-
cation examination includes neurotoxicology and
clinical toxicology. More than 90 percent of the
ABT-certified toxicol ogists possess a doctorate and
have more than 3 years of professional experience.
Questions about neurotoxicology and clinical toxi-
cology are a routine part of the examination,
including questions on the neurotoxicity of pesti-
cides, the behavioral effects of metals, and neuro-
toxic drugs. Certification is for 5 years, and recertifi-
cation includes continuing education and practice in
toxicology (5).

Education of Health-Care Professionals

Much of the illness resulting from exposure to
neurotoxic substances occurs among workers. Often,
neurotoxic chemicals are first identified because of
the occupational illness they have caused. Increased
research and testing are needed so that harmful
chemicals can be identified and worker exposure
limited. Prevention of occupational illness is a
challenging undertaking and involves identifying
hazards, controlling hazards at the source, monitor-
ing workers, and educating, training, and dissemi-
nating information to all persons involved. These
topics have been addressed in a previous OTA report
(45) and will not be covered in detail in this section.
Instead, this discussion will be limited to the
potential role that better education of health-care
professionals might play.

Physicians, nurses, and industrial hygienists de-
liver most health care to workers who have been
exposed to toxic substances in the workplace. The



98 . Neurotoxicity: Identifying and Controlling Poisons of the Nervous System

number of professionals trained in the area of
occupational health is not adequate to meet public
health needs in the United States.

Physicians

A large percentage of physicians who provide
occupationa health services are employed by indus-
try, yet many workers have no source of occupa
tiona health services and must rely on their family
physicians. Family physicians are rarely trained in
occupational medicine and thus are less likely to
obtain histories of occupational exposure.

General training in occupational medicine during
medical school is not extensive. Two surveys of
medical schools, one conducted in 1977-78 (24) and
the other in 1982-83 (25), found that the proportion
of medical schools offering courses in occupational
health in the preclinical years increased from 50
percent at the time of the first survey to 66 percent
at the time of the second. The proportion of schools
requiring that students take such courses increased
from 30 percent to 54 percent. However, in those
schools that required coursework in occupational
health, there was a median curriculum time of only
4 hours over 4 years. A survey conducted by the
Association of American Medical Colleges found
that 70 percent of medical schools offer clinical
electives in occupational medicine or environmental
health. However, of the students responding to the
survey (65 percent), only 1 percent actually took the
offered elective (42).

Residency programs in primary care specialties—
namely, family and general practice, pediatrics,
internal medicine, obstetrics and gynecology, and
psychiatry-rarely include training in occupational
medicine. However, organizations such as the Amer-
ican College of Occupational Medicine, whose
members are board-certified in occupational medi-
cine, sponsor conferences and seminars to educate
primary care and other physicians about occupa-
tional health issues (19).

Occupational medicine is one of the areas in
which physicians specidizing in preventive medi-
cine can choose to be certified. The Institute of
Medicine recently emphasized the need for a greater
number of physicians specializing in occupational
medicine. In 1987, there were 25 residency pro-
grams with 118 residents (0.1 percent of the total
number of residents that year) (7). Between 1955 and
April 1989, the American Board of Preventive

Medicine certified 1,378 physicians in occupational

medicine. The number of those physicians no longer
practicing is not known (17). The requirements for
board certification include 1 year of postgraduate
training in preventive medicine; 1 year of residency
in occupational health; 1 year of training, research,
teaching, or practice of occupational medicine; and
the completion of a master’s degree in public health.
The requirements are somewhat different for physi-
cians who graduated from medical school before
January 1984 (40).

Some effort to encourage medical studentsto
enter the field of occupational medicine is being
made. The American College of Occupational Medi-
cine has a scholarship fund for medical students and
residents interested in occupational medicine (41).
Also, there is a mechanism under current law by
which Congress could encourage the training of
physicians in occupational health. Public Law 100-
607 (sec. 613) states that:

The Secretary [of the Department of Health and
Human Services{ may make grants to and enter into
contracts with schools of medicine, osteopathy, and
public health to meet the costs of projects (A) to plan
and develop new residency training programs and to
maintain or improve existing residency training
Programs in preventive medicine; and (B) to provide
inancial assistance to residency trainees enrolled in
such programs.

Advocates of expanded training programs in occu-
pational medicine note that the current language in
the law says “may” and that changing the wording
to “shall” would strengthen the law.

Nurses

Nurses provide a crucial aspect of care for workers
exposed to toxic substances in the workplace.
Indeed, they constitute the largest group of health
professionals in the workplace-approximately 24,000
in 1980 (10). Occupational health nursing synthe-
sizes principles from severa disciplines in the health
sciences, including, but not limited to, nursing,
medicine, safety, industrial hygiene, toxicology,
administration, and public health epidemiology.
Activities focus on promotion, protection, mainte-
nance, and restoration of health. The occupational
health nurse is primarily concerned with the preven-
tive approach to health care, which includes early
detection of disease, health teaching, and counseling
2.
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The American Board of Occupational Health
Nurses is the only board that certifies nursesin
occupational health. It has certified over 45,000
nurses since 1973 and estimates that 2,800 of them
are still practicing (36). Certification requires a
passing score on a national examination. Eligibility
for the examination entails 5 years of experiencein
the specialty and a satisfactory record of formal and
continuing education in designated subjects (3).

University-based baccalaureate programs in nurs-
ing provide courses and clinical experience in
community and public health nursing and adult
health that are basic to the practice of occupational
health nursing. Specialty education in occupational
health at the master’s degree level is offered in
several schools of nursing and public health. Al-
though programs differ in their course requirements,
most include adult health, elements of workplace
exposures, epidemiology, toxicology, biostatistics,
and opportunities for field work. Some programs
provide education in neurotoxicology through courses,
clinical experiences, and reviews of research (I).
Doctora-level education for nurses in occupational
health has been offered for the past 10 years, and
graduates are employed in the private sector as well
as by governmental agencies and universities.

Federally supported programs for occupational
health nurses have provided significant resources
and continue to encourage training in this field.
Since 1977, graduate-level academic programs have
been funded as one component of the interdiscipli-
nary Educational Resource Centers. These regional
centers were developed under the Occupational
Safety and Health Act of 1970 in response to the
need for an adequate supply of trained professionals
in occupational health (1).

The American Association of Occupational
Health Nurses is the professional organization that
represents registered nurses engaged in that spe-
cialty as practitioners, managers, consultants, and
educators. The association develops standards of
practice, monitors legislation related to occupational
and environmental health, sponsors continuing edu-
cation, and publishes a journa (I).

Industrial  Hygienists

The role of the industrial hygienist isto recognize
and reduce occupational health hazards in the
workplace. Industrial hygienists thus attempt to
anticipate, recognize, evaluate, and control those

environmental factors or stresses stemming from the
workplace that cause sickness, discomfort, or ineffi-
ciency among workers or members of the commu-
nity (31). Industria hygienists examine the overall
safety of the working environment and recommend
plant improvements. Part of their duty is to collect
samples of dust, gases, liquids, vapors, and raw
materials and determine the extent of worker expo-
sure. For example, an industrial hygienist might
sample the air inhaed by an employee working with
organic solvents throughout an 8-hour shift (many
organic solvents have potential or known neurotoxic
properties, see ch. 10).

Most industrial hygienists have a bachelor's
degree in engineering, physical science, biological
science, or natural science, and some also obtain a
master's degree in industrial hygiene. There are two
levels of industrial hygienists, certified and uncerti-
fied. To become certified, one must complete a
baccalaureate degree in the sciences or engineering,
have 5 years of practical industrial hygiene experi-
ence, and pass a 2-day written examination given by
the American Board of Industrial Hygiene. Hygien-
ists may seek certification in the general field of
industrial hygiene, or they may specialize in a
number of areas, one of which is toxicology.
Currently, there are approximately 4,000 certified
industrial hygienists in the United States (35). Those
hygienists who are uncertified rely on their skills,
training, and experience but are not required to meet
any minimum standards established by a govern-
mental or professional organization (22).

The American Industrial Hygiene Association is
a nonprofit professional society for persons practic-
ing industrial hygiene in industry, government,
labor, academic ingtitutions, and independent organ-
izations. The association, composed of some 7,400
members, publishes a journal and sponsors continu-
ing education coursesin industrial hygiene (15).

NIOSH Educational Resource Centers

Many of the professional organizations for toxi-
cology, occupational medicine, occupational nurs-
ing, and occupational hygiene offer conferences and
seminars as continuing education. The Federal
Government also plays a role, through NIOSH's
Educational Resource Centers, mentioned earlier.
There are 14 centers located within universities
throughout the United States. The centers conduct
both ongoing research projects and programs offer-
ing academic degrees and continuing education. The
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four main areas on which they focus are industrial
hygiene, occupational medicine, occupational
health nursing, and occupationa safety. Courses are
offered in toxicology and to a limited extent in
neurotoxicology (1,47).

NIOSH also offers some in-house courses. None
of these focuses on toxicology or neurotoxicology
specifically, but some address the broader issues of
occupational health and industrial hygiene.

SUMMARY AND CONCLUSIONS

Federal research related to neurotoxic substances
is conducted primarily at the National Institutes of
Health; the Alcohol, Drug Abuse, and Mental Health
Administration; and the Environmental Protection
Agency. Limited research programs are under way
at the Food and Drug Administration, the Centers for
Disease Control, the Department of Defense, the
Department of Energy, the Department of Veterans
Affairs, the Department of Agriculture, and the
National Aeronautics and Space Administration.
Total Federal funding for neurotoxicology -related
research (excluding research related to alcoholism
and cigarette smoking) is $56.8 million. The bulk of
this funding (85.2 percent) is through NIH and
ADAMHA and tends to focus on the toxicity of
drugs and the biochemical mechanisms underlying
neurological and psychiatric disorders. A number of
other Federal agencies and organizations provide
limited funding for neurotoxicological research.

Research related to environmental neurotoxicol-
ogy is confined primarily to the intramural program
at EPA and the extramural program at the National
Institute of Environmental Health Sciences within
NIH.

The extent of academic research related to neuro-
toxicology is strongly dependent on the availability
of grant support from the Federal Government.
Academic research in neurotoxicology is supported
amost exclusively by NIH and ADAMHA. Most
extramural research funded by NIH is through the
National Institute of Neurological Disorders and
Stroke and the National Institute of Environmental
Health Sciences, although several other Institutes
have substantial programs. ADAMHA funds re-
search through the National Institute on Drug Abuse
and the National Institute of Mental Health.

EPA has a relatively large intramural neurotoxi-
cology research program that has been limited in

recent years by lack of funding for supplies and
equipment. EPA has a small extramura grants
program that has rarely funded neurotoxicology-
related projects. Traditionally, Federal agencies
have supported both intramural and extramural
efforts to ensure a balanced, comprehensive, and
cost-effective program.

FDA funds several research projects related to
neurotoxicology, primarily through its intramural
research programs. The National Center for Toxico-
logical Research is conducting a number of intramu-
ral research projects related primarily to develop-
mental neurotoxicology. The Center for Food Safety
and Applied Nutrition has a small in-house program
and is supporting three extramural research projects.

Within CDC, the National Institute for Occupa-
tional Safety and Health has small intramural and
extramural programs devoted to the identification
and control of neurotoxic substances in the
workplace. CDC's Center for Environmental Health
and Injury Control conducts epidemiological inves-
tigations of human exposure to environmental haz-
ards.

Industry undertakes neurotoxicology-related re-
search through several mechanisms, including in-
house scientists, contract laboratories, consortia,
contracts with universities, and grants to universi-
ties. Toxicity evaluations conducted as part of
internal applied research are necessary to develop
safe and effective products, to protect employees, to
protect the environment, and to control liability
costs. Research programs vary considerably, depend-
ing on the types of products manufactured and
various economic considerations. Industry and gov-
ernment consortia, such as the Health Effects
Institute, which studies the health effects of emis-
sions from motor vehicles, are useful in bringing the
regulated and the regulator together to support
research projects of mutual interest.

The education of research scientists in neurotoxi-
cology is limited, in part, by inadequate Federal
support for training programs. Part of the difficulty
in obtaining funding is due to the nature of neurotoxi-
cology—the intersection of neuroscience and toxi-
cology. Few academic departments devote signifi-
cant resources to neurotoxicology, and few major
Federa organizations devote their primary efforts to
it. The National Ingtitute of Environmental Health
Sciences supports training in the neurotoxicology
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field; however, funding limitations alow for support
of only arelatively small number of trainees.

Millions of American workers are exposed to
neurotoxic substances in the workplace, but illness
stemming from these exposures often goes unde-
tected and untreated. The subtlety of neurotoxic
responses is one reason for this situation; for
example, complaints of headache and nervousness
are often ascribed to other causes. Another reason is
the lack of adequately trained health-care profes-
sionals to diagnose and treat neurotoxic disorders.
Medical schools, in general, devote little of their
curricula to occupational health issues. After medi-
cal school, physicians may undertake residency
training in occupational medicine, but in 1987 only
about 1 in every 1,000 residents was specializing in
occupational medicine. Nurses are also needed in the
occupational health field to provide emergency
services, monitor employee health, and provide
counseling and referral to physicians. Industria
hygienists are needed to evaluate and control health
hazards in the workplace.
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Chapter 5

Testing and Monitoring

“Over the last 10 to 15 years, cancer had dominated the discussion of occupational standards and it continues

to remain terribly important. At the same time, information on neurotoxins has increased. The notion of

chronic and subclinical neurotoxicity has developed. Although these things are progressive and don’t occur
overnight, you' Il see more attention paid to neurotoxicity in the years ahead. ”

Philip Landrigan

Occupational Hazards 49:36, 1987

“The reasons for inadequate neurobehavioral testing of chemicals. . relate to economic factors and political
decisions, not to inadequacies of the test methods. ”

Donald McMillan
Occupational Hazards 49:37, 1987

“*We need to know a lot more about how toxicity is expressed in behavior. We need to be able to recommend
tests for chemicals before they move into the marketplace. This is why we need more of what NIOSH is doing.
Asitis, we are still using workers as part of an early-warning system. ”

Ronald Wood
Psychology Today, July 1982, p. 30
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Chapter 5
Testing and Monitoring

INTRODUCTION

People are exposed to chemicals every day in the
course of eating, working, and recreation. Some of
these chemicals are synthetic; others, whose proper-
ties may be unknown, occur naturally in the environ-
ment and in food. Modern society could not exist
without them. However, the same chemicals that
contribute to our high standard of living may also
produce unanticipated and undesired effects. Regu-
latory officials are concerned with weighing the
benefits of use against the risks of adverse health
effects.

All substances, even water, can be toxic at ahigh
enough level of ingestion. Determining the risk
posed to human health by toxic substances requires
information about the potential hazard and about the
expected level of exposure, resulting in an estimate
of the probability that a substance will produce harm
under certain conditions (see ch. 6) (105).

There are many approaches to testing for neuro-
toxicity, and each has both advantages and limita-
tions. Toxic substances can be evaluated through
whole animal (in vivo) tests, tissue and cell culture
(in vitro) tests, and tests on human subjects. The
latter is the best means of predicting the effects of
potentially toxic substances on human health. This
approach, however, is generally difficult, expensive,
and in some circumstances unethical. Consequently,
it is usually necessary to rely on animal or in vitro
tests.

Most toxicity testing is performed on animals,
usually mice and rats. Animals are used for several
reasons, one of which isthat, biologicaly, they
resemble humansin many ways and can often serve
as adequate models for toxicity studies. On the other
hand, it can be difficult to extrapolate the results of
animal studies to humans. It is also important to keep
in mind that the biochemical and physiological
processes underlying human neurological and psy-
chiatric problems are highly complex and often
cannot be modeled in any single system.

In vitro tests can be used to complement animal
tests and reduce the number of animals used in
routine toxicity testing. In vitro testing may also be
less expensive and |ess time-consuming. By under-
standing the structure or function affected by a toxic

substance in vitro, it is sometimes possible to predict
adverse effects in the whole animal. Like all testing
strategies, in vitro tests have limitations, including
the inability to analyze behavioral effects such as
loss of memory or irritability.

Some human toxicological data are derived from
accidental exposures to industrial chemicals and
some from epidemiological studies. Prescription
drugs are tested on humans to determine safety and
efficacy.

This chapter briefly describes some methods of
neurotoxicity testing and the advantages and limita-
tions of each. The first section addresses animal
toxicity tests, including the types of neurotoxicity
tests currently proposed for regulatory use by the
U.S. Environmental Protection Agency (EPA). The
second section describes alternatives to animal tests,
including in vitro approaches, and the third section
describes human testing. Finally, approaches to
monitoring of toxic substances are briefly discussed.

ANIMAL TOXICITY TESTS

In designing animal tests and evaluating data,
appropriate weight is given to the following factors
on a case-by-case basis, taking into account the
seriousness of the hazard and the assumptions
needed to estimate human health risks (105):

+ the relationship between dose and response;

+ the effects at the molecular, cellular, organ,
organ system, and whole organism levels;

+ the reproducibility of the study results and
possible explanations for lack of reproducibil-
ity;

« the effects of structurally similar substances on
humans or animals;

« any known metabolic differences between hu-
mans and the test species that could affect
response;

+ dtatistical uncertainties and difficulties in ex-
trapolating to alow dose; and

« other factors, such as sex, species differences,
and route of administration.

An Office of Technology Assessment (OTA) report,
Alternatives to Animal Use in Research, Testing,
and Education, contains a detailed discussion of the
use of animals in research and associated ethical

-105-
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concerns (105). The issues raised there will not be
readdressed in this report.

Toxicity testing should aim to obtain all the data
needed for accurate risk assessment at the lowest
possible cost. Factors that influence cost include the
number of appropriate test species, the nature of the
parameters studied, the choice of test subjects, the
controls required, and the skilled staff necessary to
perform the studies. In addition, toxicity testing
requires a substantial investment in labor. Aside
from the maintenance needs of the animals used,
many observations are necessary. Acute studies
often involve observations of behavior and appear-
ance as well as histopathological observations.
Subchronic and chronic studies require more de-
tailed pathological studies as well as weekly clinica
examinations of al the animals used in the studies
(92). Testing costs will be discussed in more detail
in chapter 8.

Designing Useful Tests

Animal tests are used to determine the functional,
structural, and biochemical effects of toxic sub-
stances. Experimental animal models have limita-
tions, however, and the accuracy and reliability of a
guantitative prediction of human toxicity depend on
a number of conditions, such as choice of species,
choice of tests, similarity of human and animal
metabolism, design of the experiment, and method
of extrapolation of animal data.

When designing animal toxicity tests, therefore, it
is essential that the examiners clearly define the
objective of their study and understand how the
resulting data will be used. Several questions should
be answered in advance: Will the data obtained from
the animal tests be meaningful? Will the data be
useful in the risk assessment process? Can the data
be extrapolated from animals to humans?

The World Health Organization (WHO) recently
suggested several general objectives of neurotoxi-
cology testing (123):

« identify whether the nervous system is altered
by the toxic substance,

+ characterize the nervous system alterations
associated with exposure,

«+ ascertain whether the nervous system is the
primary target for the chemical, and

. determine dose- and time-effect relationships
to establish no observed adverse effect levels
(NOAELYS).

The initial goal is to determine whether or not the
nervous system is affected by a substance for which
no toxicological data exist. This often involves
screening for neurotoxicity using tests that predict
the potential of a substance to produce adverse
effects. To be most effective, the tests should be
simple, rapid, and economical to administer. Once a
chemical is known to produce a neurotoxic effect,
further studies can be performed in order to charac-
terize the nature and mechanism of the alterations.
Screens are generally designed to explore the
consequences of exposure and to indicate whether or
not the nervous system is adversely affected.

Chemicals are unlikely to affect all major compo-
nents of the nervous system at the doses tested;
therefore, it is important to use a variety of tests that
measure different functional, morphological, or
chemical alterations in order to maximize the
probability of detecting neurotoxicity. The methods
used may differ with the objective of the study, the
age of the animal, and the species examined (123).

Potential neurotoxic risks are difficult to assess
because of the complexity of the nervous system.
Some of the problems in assessment are associated
with the wide variations in response that can occur.
Other problems are related to the examiner’s incom-
plete understanding of what is being measured by a
given test. Therefore, no single test can be used to
examine the total functional capacity of the nervous
system (123).

Animal Choice

In preliminary screening of known or suspected
toxic substances, numerous economic factors influ-
ence the design of the evaluation. It is useful if there
exist adequate anatomical, physiological, and toxi-
cological databases on the species chosen for study
to allow meaningful interpretations of effects and
appropriate hypotheses about mechanisms and sites
of action (123).

Most routine toxicity testing is carried out with
only one or two species. For example, cancer
bioassays frequently involve the use of rats and
mice, and the monkey may be used for identifying
the effects of MPTP, a byproduct in the illicit
synthesis of a meperidine analog. Hens have been
used to evaluate the neurotoxic potential of organo-
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phosphorous pesticides. Most other neurotoxicity
screening studies use laboratory rats. |deally, more
than one animal species should be tested—if only a
single species is tested, it is possible to conclude that
human exposure is acceptable when in fact it is not.
However, routine multispecies testing is a costly and
demanding enterprise. The facilities and services
needed for animal husbandry and the equipment and
technical expertise needed to carry out the research
make multispecies testing economically impractical
in many instances (59).

There are other variables besides species that
should be considered. For example, the sex of the
test animal may influence results of the study. Some
toxic substances may have a greater adverse effect
on females than males or vice versa. Consequently,
EPA testing guidelines require both male and female
rats for neurotoxicity testing.

Another important factor is the age of the animal.
The effects of atoxic substance may vary dramati-
cally, depending on the stage of maturation of the
animal. For example, cell loss in the nervous system
due to natural aging processes may predispose an
animal to the adverse effects of toxic substances.
Most preliminary assessments are designed to pro-
vide information on the population with the greatest
potential for exposure, namely, adults. However,
aged populations or those undergoing rapid matura-
tion are often especially vulnerable to environmental
exposures; thus, tests to assess the neurobehavioral
functioning of these populations are necessary for a
complete evauation.

The ideal tests are those that permit longitudinal
assessment of animals of both sexes at any stage of
development (i.e., at young childhood, prepuberty,
and adulthood) (67). Whenever possible, the choice
of animal model should take into account such
factors as the differences in metabolism of sub-
stances between species, genetic composition of the
species, and the sensitivity of the test animals to the
toxic effects of the substances (50 FR 39458).

Dosing Regimen

Some compounds produce one kind of toxic effect
following a single exposure and other effects follow-
ing prolonged or repeated exposure. In environmental
toxicology, a major objective is the detection of
cumulative toxicity following continued (or inter-
mittent) exposure. Thus, a multiple-dosing regimen
is most commonly used. Thisis particularly impor-

tant in neurobehavioral testing, since both quantita-
tive and qualitative changes in the response to
environmental factors can occur with repeated
exposure, or at some later time following a single
exposure (67,123). Normally, assessments are made
for a period of time following termination of the
dosing regimen, both to determine the reversibility
of any observed effects and to see if any new effects
appear (123).

Substances are administered in varying doses, the
dose being a function of the concentration of the
substance and the duration and frequency of expo-
sure. Significant differences in response may occur
when the same quantity of toxic material is admin-
istered over different exposure periods. Acute expo-
sure to substances may produce both immediate and
delayed toxic effects (such is the case for some
organophosphorous pesticides). These effects may
differ from the effects following long-term expo-
sure. Repeated exposure to certain solvents may
produce immediate effects after each dosing as well
as delayed adverse effects from long-term exposure
(47).

Acute toxic responses result when an animal is
subjected to high concentrations of a substance over
a short period of time. The acute response may be
sudden and severe, and usually lasts for a brief
period of time; in some cases, however, it is
permanent. If the dose is sufficiently high, death may
result. Lower doses (lower concentrations over
longer periods of time) may not immediately cause
death. As the dose decreases, the response is
generally less severe and may take longer to
develop. In chronic exposures, clinically adverse
effects may take years to develop (47).

Route of Exposure

The most common routes by which toxic sub-
stances enter the body are, in descending order,
inhalation (through the lungs), oral (through inges-
tion), and dermal (through the skin). Although
substances generally produce the greatest effect and
most rapid response when given intravenously, this
is an unlikely route of entry except in the case of
drug therapies or drug abuse. The manner in which
a potentially toxic agent enters the body can
influence the time of onset, intensity, and duration of
the toxic effects. The route of exposure may also
influence the degree of toxicity and the organs most
severely affected.
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Exposure to toxic chemicals in the atmosphere is
unavoidable unless devices are used to remove the
contaminants from the air before they enter the
respiratory tract. In order for any contaminant to
reach the alveoli of the lungs (where gas exchange
takes place), it must be either a gas or of a certain
particulate size (less than 10 microns in diameter) so
that it is not removed in the airway to the lungs. The
actual and potential’ hazards associated with expo-
sure to toxic agents via inhalation are evident in
industrial workplaces and in urban areas with
polluted atmospheres (55,1 17).

Most episodes of acute toxicity result from
intentional or accidental ingestion of a chemical. For
instance, a person may deliberately take an overdose
of a psychoactive drug. Poisonous mushrooms may
be accidentally ingested. Sufficiently large particles
of inhaled toxic matter may collect in the throat and
be swallowed.

The simplest route of exposure for humans and
animals is accidental or intentional contact of the
chemical with the skin. The skin is the most readily
accessible organ to all forms of foreign chemicals,
yet it is aso an efficient barrier to many toxic
substances. Many substances can be absorbed
through the skin, including substances in fragrances
(AETT), antidandruff shampoos (zinc pyridinethion-
ine), and solvents (methyl n-butyl ketone) that have
proven to be neurotoxic in humans or animals, or
both (3,44,47). The degree of absorption is influ-
enced by the type of compound(s) involved and the
condition of the skin. For example, cuts or abrasions
on the skin’s surface will allow the agent to bypass
the epidermis, the outer, protective layer of the skin.
Once through the epidermis, the substance can easily
pass into the circulatory system. Depending on the
concentration and duration of the exposure, some
substances, solvents, for example, can easily pass
through the epidermis.

Extent and Duration of Exposure

The exposure of animals to chemicals is often
divided into four categories. acute, subacute, sub-
chronic, and chronic. Acute is defined as exposure
to a chemical for less than 24 hours. The purpose
of an acute test is to observe the evidence of toxicity
after administration of the compound and the degree
of lethality (55). While acute exposure usualy refers
to a single administration, repeated or continuous
doses may be given within a 24-hour period for some
substances with limited acute toxicity. An example

is acute exposure by inhalation, which refers to
continuous exposure for less than 24 hours. Re-
peated exposures are divided into subacute, sub-
chronic, and chronic categories. Subacute exposure
refers to repeated exposure to a chemical for 1
month or less, subchronic exposure occurs typi-
caly from 1 to 3 months, and chronic exposures
occur for more than 3 months (47).

As mentioned earlier, the toxic effects following
a single exposure to a substance may be quite
different from those produced by repeated exposure.
This may occur because of compensatory changes
elicited by repeated administration or because of
cumulative effects of mechanisms different from
those causing acute toxicity. For example, the
primary acute toxic effect of carbon disulfide is
depression of central nervous system activity; how-
ever, repeated exposures can result in peripheral
neuropathy or parkinsonism. Acute exposure to
rapidly absorbed substances is likely to produce
immediate toxic effects, but acute exposure can aso
produce prolonged toxicity that may or may not be
similar to the toxic effects of chronic exposure.
Likewise, chronic exposures may produce some
immediate effects after each administration in addi-
tion to the chronic effects (47).

The extent of exposure is another important factor
in the characterization of exposure parameters.
Generally, but not always, fractionation of the dose
reduces the effect. A single dose of a compound that
produces an immediate, severe effect might produce
less than half the effect when given in two equal
doses and no effect when given in 10 doses over a
period of severa hours or days. Chronic toxic effects
occur if the compound accumulates in the organ-
ism's system, if it produces irreversible toxic effects,
or if there is insufficient time for the system to
recover from the toxic damage (47).

Other Considerations

Several additional factors are considered in de-
signing neurotoxicological tests. One condition that
may affect toxicity is the nutritional state of the
animal. Changes attributed to exposure to toxicants
might be due to relatively nonspecific effects related
to inhibition of growth or decreases in food or water
consumption.

Another factor is the housing conditions of the
experimental animals. Sometimes animals are
housed individually in cages during toxicological
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studies, an arrangement that may alter their respon-
siveness to the test compounds. For example, a
chemical that causes depletion of the neurotransmit-
ters norepinephrine and dopamine produces less
depression of motor activity in isolated rats than in
grouped rats (125).

Temperature of the environment is another
important factor. Normally, the response of an
animal to a toxic compound decreases as the
environmental temperature is lowered, but the dura-
tion of the overall response may be delayed. Also,
some drugs are more toxic in certain environmental
temperatures than in others. For example, com-
pounds affecting the neurotransmitter acetylcholine
may produce significantly greater toxicity in a warm
environment than in a colder one. Some substances
inhibit sweating. Eventually, the body temperature
becomes elevated because the absence of perspira-
tion prevents cooling (38). In such a case, toxic
effects may result from hyperthermia, not directly
from the effect of the substance on the nervous
system.

Validation

Validation is a critical component of the test
development process because it ensures that data
generated as a result of testing will be useful in
evaluating the health risk posed by a particular
substance. The value of any toxicity test liesin its
ability to measure the endpoint it is designed to
detect. For neurotoxicity, the endpoints are adverse
changes in the structure or function of the nervous
system. General acceptance of a new toxicity test
usually requires demonstration that the test is
reliable, sensitive, and specific. For validation stud-
ies, chemicals with known neurotoxic potential and
those known not to be neurotoxic are studied to
determine the ability of the test to distinguish
between them. Because toxic substances can have
many different effects on the nervous system, known
neurotoxic substances with different effects on the
nervous system are chosen for validation studies.
Before test guidelines are proposed for national or
international use, validation studies commonly in-
clude a multilaboratory phase to test the reproduci-
bility of the testing paradigm in different laborato-
ries (58,81).

Evaluating Chemicals for Neurotoxicity

I't isimpossible to thoroughly examine the neuro-
toxicity of each of the chemicals in commerce.

Photo credit: U.S. Environmental Protection Agency

However, it may be possible through a well-
developed screening program to flag the substances
either currently in use or recently introduced that
have neurotoxic potential. Screening is conducted to
provide an initial evaluation of the effects of various
substances on the nervous system. The results of
screening may be used to reduce the number or
quantity of hazardous substances in commerce or to
aid in determining which additional studies should
be undertaken to further characterize their toxicolog-
ical properties (67). An efficient screen should
evaluate a variety of neurological effects rather than
just one. Screens should also be sensitive, reproduc-
ible, and capable of being administered rapidly
(32,33),

Testing strategies often involve a tiered approach.
Tiered testing involves a stepwise progression of
more specific and sophisticated tests, beginning
with a general screen to determine if further testing
is necessary. In the initial screen of the tiered testing
approach, the outcomes of acute studies are inter-
preted. If acute effects are identified, then experi-
ments involving repeated exposures are performed
in the second tier. The third tier is composed of
detailed studies of subtle effects or mechanisms of
toxicity. At each stage the examiner builds on the
data collected from the previoustier.
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Typicaly, 5 to 10 animals of the same species and
strain are used in the tests. It is important to select the
proper animal model initially becauseit is desirable
to use the same model in subsequent tiers. Using the
same animal is more efficient, costs less, and allows
consistent analysis of data. Some toxicity tests only
require the acute dosing regimen, and it is not
necessary to conduct repeated dosages. Box 5-A
illustrates one example of atiered testing approach.
Other investigators have proposed slightly different
schemes (32-34,62).

Asin vitro tests become available, tiered testing
schemes may be modified to take advantage of both
whole animal and tissue and cell culture testing
approaches. For example, a future scheme might call
for in vitro tests as a screen, followed by in vivo tests
(32,37). In vitro tests will be described later in this
chapter.

Types of Animal Tests

The EPA has taken the lead in devising neurotox-
icity tests for use in regulatory programs. In 1985,
the Agency devised afinal rule on general toxicity
testing guidelines under the Toxic Substances Con-
trol Act (50 FR 39398-39418). The guidelines are
categorized into three subparts; subpart B describes
the procedures for general toxicity testing (i.e., acute

dermal, inhalation, and oral exposure); subpart C
includes testing procedures for subchronic dermal,
inhalation, and oral exposure; and subpart D de-
scribes testing procedures for chronic exposure.

General toxicological tests evaluate a broad
spectrum of potential toxicological effects, includ-
ing some effects on the nervous system; however,
these tests are not designed to examine comprehen-
sively the possible neurotoxic properties of chemi-
cals. In 1985, EPA proposed specific guidelines for
neurotoxicity testing (50 FR 39458-39470). EPA
has proposed guidelines for the functional observa-
tional battery (FOB) and specific tests to analyze
motor activity, schedule-controlled operant behav-
ior (SCOB), developmental neurotoxicity, neuropa-
thology, and the effects of organophosphorous
pesticides (1 12). When specific neurotoxicity test-
ing is necessary, EPA currently plans to require the
FOB, together with motor activity and neuropathol-
ogy tests. At the present time, these three tests are
referred to by EPA as the core test battery. EPA’s
Office of Toxic Substances and Office of Pesticides
Programs are currently considering a requirement to
use the core tests routinely in evaluating new and old
chemicals and pesticide products. When appropri-
ate, other tests may also be required.

Box 5-A—Tiered Animal Testing To Identify Adverse Neurobehavioral Effects of Substances

Tiered testing is an efficient and cost-effective approach to evaluate the toxicity of chemicals. In the first tier
of an experiment, the recommended strategy is to identify acute hazards of substances. The second tier is designed
to characterize the toxicity in repeated exposure, and the third is used to undertake detailed studies of special
impairments or of mechanisms of chemical injury. Each tier provides useful information for subsequent tiers.

First tier—Animals are exposed to the substance being evaluated. The exposure period is short and covers
a wide range of concentrations. The investigator seeks to identify any evidence of mortality, morbidity, or
morphological changes. The experimenter also observes behavior. The first tier helps establish the parameters of
exposure that are appropriate for the second tier. It may also suggest mechanisms by which the effect is produced,
which may assist in the design of more sensitive experiments in the third tier.

Second tie—Animals are repeatedly or continuously exposed to substances being evaluated. This tier
provides an opportunity to characterize delayed toxicity, to observe the development of tolerance, and to
characterize the reversibility of adverse effects.

Third tier—At this stage, highly focused studies are performed to fully characterize toxicity, using methods
dictated by the nature of the system. This tier can identify subtle sensory or perceptual impairments, affective
disorders, or cognitive and intellectual dysfunction. A detailed hazard characterization not only can facilitate the
identification of the most sensitive situation, but also may clarify the mechanism of action of the substance.

The above schemes may be modified in the future as in vitro tests become available.
SOURCES: A.M. Goldberg and JM. Frazier, “Alternatives to Animals in Toxicity Testing,” Scientific American 261(2):24-30, 1989; R.W.

Wood, American Psychological Association, testimony before the Neurotoxicity Subpanel of the FIFRA Science Advisory Panel,
U.S. Environmental Protection Agency, Washington, DC, Oct. 15, 1987.
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In August 1989, EPA sponsored a meeting of the
Federa Insecticide, Fungicide, and Rodenticide Act
(FIFRA) Scientific Advisory Panel to examine
various issues related to proposed guidelines for
neurotoxicity and mutagenicity testing under the Act
and to review the classification of several selected
compounds (54 FR 35387).

Unless otherwise specified, it is assumed that both
acute and subchronic testing will be conducted for
both FOB and motor activity. Although some
experts have recommended that neuropathological
examinations be conducted following acute expo-
sures, at the present time EPA anticipates requiring
such analysis only after repeated exposures. These
neurotoxicity tests represent an initial approach to
identifying hazardous chemicals and are not specifi-
cally designed to develop the data necessary for
full-scale risk assessments (101). (Seech. 6.)

The EPA core battery does not represent a
compl ete screening assessment of the nervous sys-
tem. For example, it does not adequately assess
cognitive function, neurophysiology, or neurochem-
istry. Some neurotoxicologists have challenged the
usefulness of the core battery, saying that it does not
go far enough. Nevertheless, EPA plans to require
just the core battery, with the option of using more
comprehensive tests for selected compounds. Addi-
tional tests that EPA might require in conjunction
with or in place of the core battery include SCOB,
developmental neurotoxicity, and neurotoxic est-
erase assay (101).

Which tests are most appropriate for routine use
in screening for neurotoxicity is the subject of
disagreement in the scientific community. Some
scientists believe that developmenta and SCOB
should be part of the EPA core test battery because
they measure different aspects of neurotoxicity than
do the FOB, motor activity, and neuropathology
tests. Others believe that the motor activity and
SCOB tests should not be used as part of an initial
screen, because they may not be direct measures of
neurotoxicity. EPA believes that the initial screen
should include FOB, motor activity, and neuropa-
thology assessments because these tests provide
adequate initial measures of neurotoxicity and
enable investigators to judge whether or not addi-
tional (second tier) testing is necessary. Descriptions
of various neurotoxicity tests follow.

Functional Observational Battery

An FOB is a collection of noninvasive tests to
evaluate sensory, motor, and autonomic dysfunction
in either animals exposed to substances or animals
having endured direct damage to the nervous system
(57). FOBS are generally used as screens to deter-
mine which substances require additional testing.

EPA published a test guideline for an FOB in
1985. The EPA guideline incorporates aspects of
tests developed and used in industry and academia
(32-34,42,79,80). The battery is designed to be used
in conjunction with general toxicity tests or neuropa-
thological examinations, or both (50 FR 39458-
39460). It serves as a screening tool (thus, it is
considered a first tier test), indicating which sub-
stances should be further characterized using second
tier methods. It is not intended to provide an overall
evaluation of neurotoxicity. EPA is currently refin-
ing and validating its FOB.

The EPA test battery is administered to female
and male rats, usually 10 per dose group per Ssex.
Three doses of the test substances are used, with
doses chosen so that the highest dose produces
obvious signs of toxicity. The doses are selected on
the basis of values from previous literature and
experiments in order to ensure the detection of
neurobehavioral effects (69,70). The observer is not
aware of the dose identification. The observer
records each response subjectively, using estab-
lished rating scores. After all data are collected, they
are entered into a computer, summarized, and
analyzed using statistical methods (17,68-70). Box
5-B summarizes the procedures for conducting the
EPA FOB.

The FOB is advantageous because it can be easily
administered and can provide some notion of the
possible functional changes produced by exposure
to neurotoxic substances. It also allows evaluation of
the dose-response and time course characteristics of
the neurological and behavioral changes produced
by exposure to a substance. Furthermore, the equip-
ment used is relatively inexpensive, and the total
time to complete an entire evaluation is short
(68,69). Potential problems include difficulty in
defining certain measures, a tendency toward sub-
jective biases in assessing behavior (123), and the
need for trained observers.
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Box 5-B-Conducting the EPA Functional Observational Battery

In conducting the EPA functional observational battery (FOB), the technician first observes and describes the
rat’s posture in the home cage, then closure of the rat’s eyelid and any convulsions or tremors that may be present.
Next, the animal is picked up and rated for ease of handling and removal from the cage. The rat is observed and
rated for signs, such as lacrimation and salivation, that the autonomic nervous system has been adversely affected.
Therat isthen placed on a cart top for 3 minutes, during which time the number of rears are counted and the gait,
mobility, and level of arousal are rated. At the end of the 3 minutes, fecal and urine output are recorded.

Next, the technician rates the rat’s responses to several stimuli, such as the approach of a pencil, snap of a metal
clicker, touch of the pencil on the rat’s rump, and pinch of the tail with forceps. Using a pen flashlight, the observer
tests the rat for pupil constriction in response to light. The righting reflex is then measured by the ability of the rat
to flip over in midair and land on its feet. Using strain gauges, the rat’s forelimb and hindlimb grip strength are
measured. Therat’s hind feet are painted, and the technician then holds the rat a few inches above the cart top and
drops it in order to measure landing foot splay. Finally, the rat’s weight and rectal temperature are recorded. The
entire procedure takes approximately 6 to 8 minutes per animal.

SOURCES: V. Moser, Director, NSJ Technology Services Corp., Research Triangle Park, NC, personal communication, Nov. 16, 1988; V.

Moser, J. McCormick, J.P. Creason, et d., “Comparison of Chlordimeform and Carbaryl Using a Functional Observational
Battery,” Fundamental and Applied Toxicology 11:189-206, 1988.
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One component of the functional observational battery
(FOB) evaluates a rat's response to an auditory stimulus.

Motor Activity

Motor activity is generally defined as any move-
ment of the experimental animal, and it is most often
evauated after acute and subchronic exposures. The
acute motor activity test is used to examine changes
in animal movement following the administration of
a range of acute doses. This test can aso be used to
determine the potential of a substance for producing
acute neurotoxicity, and it may be used as a screen
to evaluate certain classes of substances for neuro-
toxicity. The subchronic motor activity test is used

to determine whether repeated dosing with sus-
pected chemicals results in changes in activity, This
test may be used to determine a substance's potential
for producing subchronic neurotoxicity (50 FR
39460) (60). There is disagreement as to whether
motor activity is a primary indicator of neurotoxic-
ity. For example, the primary action of a toxicant
may be at some site other than the nervous system;
the changes in motor activity maybe secondary, that
is, a result of the primary effect.

Proposed EPA guidelines require that the test
substance be administered in different amounts to
groups of animals. Levels of exposure that result in
significant changes in motor activity are compared
to levels that produce toxic effects not originating in
the central nervous system (50 FR 39460). Observa-
tion measurements may be either quantitative or
gualitative. The quantitative approach measures the
frequency, duration, and sequencing of various
motor components of behavior. The qualitative
approach is used to gather data on the presence or
absence of certain components of activity (90).

The use of observational methods to detect subtle
changes in behavior has limitations. Many man-
hours are required to obtain and evaluate the data.
Some studies also require more than one observer.
Because of possible subjective influences on data
collection, a great deal of technical knowledge is
required to ensure reliability. Finally, subject-
observer interaction is an important consideration.
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For example, the presence of the observer may
modify the animal’s behavior (90).

The techniques of observational analysis have
included videotape recordings and computerized
pattern recognition. In most cases, videotaping has
minimized the problem of subject-observer interac-
tion and has provided a permanent record of
behavior which can be used for standardizing
observations. The computer techniques have allevi-
ated the problems of subjectivity (subject-observer
interaction and subjective bias) and |aborious data-
collection procedures (90).

Some of the automated techniques that have been
developed for motor activity testing include photo-
cell devices, mechanical devices, field detectors, and
touch plates. Photocell devices provide direct meas-
ures of motor activity in which beams of light
traverse a cage and collide with photoreceptors. This
technique involves placing the rat in a figure-8 maze
and recording any movement of the experimental
animal that interrupts the beam of light. The number
of beam interruptions is counted and recorded by a
computer for a I-hour time period (60,68). The
figure-8 maze is only one of a variety of chambers
used for motor activity examinations. For example,
another device commonly employed for assessing
motor activity is the Motron Electronic Mobility
Meter, which differs from the figure-8 maze because
of its rectangular shape and the density and arrange-
ments of the photodetectors that are used to record
motor activity (60). Automated motor activity meas-
ures may be used to generate dose-response data.
This is typically done by placing rats in a plexiglass
box, Two video cameras monitor the animal’s
behavior, and the video signals are transferred to
computers in order to identify common patternsin
movement and behavioral classification of the data
(72).

Toxic substances may have a variety of effects on
motor activity. To generate the data illustrated in
figure 5-1, motor activity was measured for 1 hour
in agroup of rats in a figure-8 maze after administra-
tion of atoxic substance or placebo (P). The numbers
represent motor activity units for the entire hour.
Group FLT received the pesticide fenvalerate, which
depressed activity. Group TPT received the pesti-
cide triphenyltin, which had no effect on activity.
Group TDM received the pesticide triadimeform,
which stimulated activity, Experiments are ordinar-
ily conducted with many doses of a toxic substance

Figure 5-I—The Effects of Toxic Substances
on Motor Activity
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SOURCES: K.M.Crofton and L.W. Reiter, “ The Effects of Type | and I
Pyrethroids on Motor Activity and the Acoustic Startle Re-
sponse in the Rat,” Fundamental and Applied Toxicology
10:624-634, 1988; K.M. Crofton, V.M. Boncek, and R.C.
MacPhail, “Evidence for Monoaminergic Involvement in Tri-
adimefon-induced Hyperactivity ,* Psychopharmacology97 :326-
330, 1989; S.Padilla, R.C. MacPhail, and L.W. Reiter,
“Neurotoxic Potential of Pesticides: Age-related Effects of
Pesticides to Youth in Agriculture,” U.S. Environmental Pro-

tection Agency report, Health Effects Research Laboratory,
1985.

to determine how motor activity changes with level
of exposure (59).

Motor activities recorded with mechanical de-
vices involve a vertical or horizontal displacement
of the chamber in response to the animal’s motions.
Some of the mechanical devices used include
stabilimeters and running wheels. Stabilimeters
record the movement of the animal when it causes
the chamber floor to be displaced from its resting
position. Running wheels are designed so that the
wheel is positioned on a horizontal axle and the
anima’s running causes the device to rotate. Run-
ning wheels have been used in behavioral toxicology
for over three-quarters of a century to study the
effects of food deprivation, water deprivation, es-
trus, lesions of the central nervous system, and
locomotor activity (90).

Field detectors are used to record the disturbances
that an animal createsin moving within atest cage.
Touch plates measure motor activity by recording

contacts of the animal with sections of the chamber
floor (90).
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There are many advantages of motor activity tests.
These include the availability of automated test
equipment, ease of testing, and objectivity of data
(60). Additional factors include obtaining reproduci-
ble data that are sensitive to the effects of acute
exposure to various toxic substances. These methods
do not require any specia training or surgical
preparations prior to testing.

Several organizations, including the National
Academy of Sciences, the World Health Organiza-
tion, and the Federation of American Societies for
Experimental Biology, have recommended that
motor activity testing be included in evaluating the
toxicity of potential and known neurotoxic sub-
stances (30,64,74,123). However, further testing is
usually needed to provide more specific information
on the adverse health effects of the test substance.
Furthermore, the data collected may not provide
information on the origin of the problem or indicate
what subsequent tests should be administered (64).
There is general agreement within the scientific
community that questions remain concerning the
specificity of motor activity measures. For example,
sickness resulting from chemical exposure is not
always associated with changes in motor activity
(60).

Photo credit: V Moser and R.C. MacPhail

The figure-8 maze is used to evaluate changes in motor
activity after exposure to neurotoxic substances.

Photo credit: Julia Davis, NSI Technology Services Corp.,
Research Triangle Park, NC

The electron microscope is a useful tool in examining nerve
tissue damaged by toxic substances.

Neuropathology

Neuropathology is the third component of the
EPA core test battery (50 FR 39461). The neuropa-
thological examination is designed to develop data
on structural and functional changes in the nervous
system as a result of exposure to toxic substances.
EPA’s guidelines recommend procedures to detect
pathological alterations produced by neurotoxic
substances. Morphological examination of animals
exposed to neurotoxic substances helps to distin-
guish between pharmacological and structura types
of adverse effects, describes the relative frequency
and severity of the lesions, establishes the location
of structural changes in the central nervous system,
serves as a basis for relating particular classes of
compounds to particular kinds of damage, and
reveals the cellular components that have been
damaged. Additional neuropathological techniques
are currently in use to determine NOAELSs and to
examine the effects of toxic substances on the
nervous system (48,100).

There is genera agreement that neuropathological
studies should be conducted in parallel with other
neurotoxicity tests. Neuropathological evaluations
may be performed following acute, subchronic, and
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chronic exposures to toxic substances (50 FR
39461).

Developmental Neurotoxicology

Developmental neurotoxicology (behavioral ter-
atology), an emerging discipline within the toxico-
logical sciences, is concerned with behavioral and
related effects in the offspring of parents exposed to
neurotoxic substances prior to conception, during
gestation, during lactation, or any combination of
these times (45). Research efforts are under way to
understand the basic principles of behaviora neuro-
toxicity, the biological mechanisms involved, and
the appropriate methods for testing and obtaining
data to be used by regulatory agencies in setting
standards (45). In recent years, major advances have
been made in methods for detecting the adverse
behaviora effects of toxic substances on the devel-
oping organism. In 1979, the National Center for
Toxicologica Research (NCTR) developed a bat-
tery of tests to be used for the Collaborative
Behaviora Teratology Study. NCTR served as the
pilot test facility for conducting the study, and five
other laboratories were involved in evaluating a
standard protocol. The study was designed to assess
the reliability of the test methods used and to detect
the sengitivity of each (1,14,45,114,115).

Regulatory efforts in behavioral teratology began
in 1975, when Great Britain and Japan produced
guidelines for testing pharmaceutical substances. In
1983, the European Economic Community devel-
oped similar guidelines. WHO proposed draft test-
ing guidelines for drugs and other substances in
1986 (45). That same year, EPA proposed testing
guidelines for severa glycol ethers (51 FR 17883;
51 FR 27880). A findl test rule for diethylene glycol
butyl ethers (53 FR 5932) was set in 1988 and for
triethylene glycol monomethyl ethers (54 FR 13472)
in 1989. These were the first testing guidelines
directly related to developmental neurotoxicity to be
promulgated by a U.S. regulatory agency.

Developmental neurotoxicity tests are used to
characterize various aspects of damage to the
developing nervous system, including adverse struc-
tural and functional changes. This information
serves as a basis for relating particular classes of
compounds to particular kinds of damage; it can then
be used to predict what classes of compounds may
be neurotoxic. Developmental neurotoxicity tests
are also used in determining the magnitude of
damage resulting from particular exposure levels,

and they aid in establishing NOAELs (51 FR
17890). The guidelines for glycol ethers consist of
eva uations of morbidity and mortality, growth and
physical development, neurological and physical
abnormalities, auditory startle habituation, learning
and memory, developmental locomotor activity, and
neuropathology. Recently, a consent order for the
testing of 1,1,1 -trichloroethane was published (54
FR 34991); it includes developmental neurotoxicity
testing.

In 1987, FIFRA’s Science Advisory Panel ap-
proved the development of a generic testing guide-
line for developmental neurotoxicity testing (along
with a guideline for adult neurotoxicity testing).
Generic guidelines have also recently been proposed
for developmental and adult neurotoxicity testing of
pesticides. These tests are designed to determine the
effects of maternal exposure to pesticides on the
nervous systems of offspring. The proposed generic
test guidelines require administration of the test
substance to severa groups of pregnant animals
during gestation and lactation. Selected offspring are
then tested for neurotoxicity. Thisevaluation is
designed to detect any effects on growth and
development, gross neurological effects, or behav-
ioral abnormalities. These guidelines will be re-
quired for the testing of pesticides on a case-by-case
basis. Testing may be required for substances that
cause central nervous system malformations, sub-
stances already known to be neurotoxic in adults,
hormonally active substances, and substances that
?re) structurally related to known neurotoxicants
46).

In April 1989, a workshop on the comparability of
human and animal developmental neurotoxicity was
sponsored by EPA and the Nationa Institute on
Drug Abuse to evaluate and compare the effects of
known neurotoxic substances on the developing
nervous system. The workshop focused initially on
severa agents known to adversely effect humans,
including selected abused substances (primarily
methadone and cocaine), alcohol, lead, polychlori-
nated biphenyls, diphenylhydantoin, methyl mer-
cury, and X-irradiation. It is possible to make
qualitative comparisons of effects across species,
especialy when major categories of function are
compared. Making quantitative comparisons in data
is more difficult (46).

Based on this information, work groups then
focused on the underlying basis for comparability of
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effects across species, the appropriateness of current
testing approaches, aternative approaches to risk
assessment, and the considerations (triggers) that
should be used in determining when to require
testing. Participants agreed that the support for
cross-species comparability was great enough that a
reliable effect (including permanent and transient
effects) should be considered a potentially adverse
effect in humans. Also, developmenta effects, in the
presence or absence of maternal toxicity, should be
considered adverse. Since no single category of
function was found to be routinely the most sensi-
tive, it was agreed that a battery of functions should
be included in any developmental neurotoxicity
testing screen. Although limitations were identified,
workshop participants felt that a reference dose
should be established to identify a level below which
no increase in developmental neurotoxicity is ex-
pected, An abbreviated test battery was proposed for
screening purposes. Whether to use this abbreviated
battery or a full-scale testing protocol may depend
on the type of information already available. For
example, a substance that causes central nervous
system malformations should be thoroughly evalu-
ated for developmental neurotoxicity, whereas a
substance that is structurally related to known
neurotoxic substances might be tested first using the
abbreviated battery (46).

EPA has published risk assessment guidelines for
developmental toxicity (51 FR 34028) and has
recently proposed amendments to these guidelines
(54 FR 9386). Developmental neurotoxicity data
may aid in evaluating the long-term consequences of
adverse effects discovered at the time of birth and the
relationship of the behaviorally effective dose to the
toxic dose. These data may also aid in identifying
effects that should be monitored in exposed popula-
tions (45). EPA is currently developing guidelines
for the use of data on adult and developmental
neurotoxicity in risk assessments.

Schedule-Controlled Operant Behavior

Changes in behavior are a useful indicator of
exposure to neurotoxic substances because behavior
involves the integration of motor, sensory, and
higher order nervous system activities (102). Regu-
latory officials increasingly recognize behavioral
change as an important endpoint of neurotoxicity.
Several organizations, including the National Acad-
emy of Sciences and WHO, have recommended that
operant behavior testing be included in evaluations

Photo credit: D. Cory-Slechta

Schedule-controlled operant behavior (SCOB) tests are
used to evaluate a rat's learned behavior in
scheduled intervals.

of potential and known neurotoxic substances (74,75,
123). Operant behavior refers to “behavior that is
maintained by its own consequences (50). Schedule-
controlled operant behavior refers to reinforcing an
animal’s response to stimuli according to an explicit
schedule, thereby producing orderly patterns of
behavior (50).

There are several reasons why operant behavior
tests may be useful. Operant behavior is critical for
adaptation and long-term survival of animals. Tests
of this kind allow reliable and quantitative examina-
tion of the effects of substances on behavior, and the
extensive literature on operant behavior provides a
conceptual framework for analysis of effects. Fi-
nally, operant conditioning allows the researcher to
tailor the behavior to the needs of the experiment
(98). Disadvantages of using this type of test include
the cost of equipment and of data acquisition and
analysis systems, the time involved in training
animals to certain schedules, and the difficulties in
interpreting the toxicological significance of some
of the subtle endpoints used as indices of operant
performance.

In 1985, EPA established guidelines for evaluat-
ing the effects of toxic substances on simple learning
processes using SCOB tests. SCOB evaluates the
effects of acute and chronic exposures on the rate
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and pattern of responses under schedules of rein-
forcement (50 FR 39465). Following testing for
behavioral effects, additional tests may be neces-
sary. Operant behavior studies may be used in
conjunction with neuropathological examinations.

EPA’s approach to operant behavior testing in-
volves placing the animal in an apparatus containing
alever and a device to deliver areinforcer, such as
milk. One method is to train the animal under a
fixed-ratio reinforcement schedule, in which a fixed
number of presses on the lever is followed by a
reward of milk. For example, if one rewards an
animal for exactly each third lever press that it
makes, the ratio between responses (lever presses)
and reward is fixed (50,68). Animals may also be
trained under variable-ratio reinforcement sched-
ules. In other words, the technician varies the
schedules so that sometimes the third response
yields milk, sometimes the seventh, and sometimes
the hundredth. The animal never knows when the
next reward is coming (50). These schedules of
reinforcement may be used to generate moderate
response rates that may increase or decrease as a
function of exposure to toxic substances (50 FR
39466). Severa kinds of SCOB tests are currently
used in industry (49,50,89,102).

A variety of other testing schemes are commonly
used to examine behavior. These include tests to
determine the effects of neurotoxic substances on
motor coordination, tremor, sensory processes, re-
flexes, and learning and memory (23,27,29,49,66,102).
There is some disagreement in the scientific commu-
nity as to the optimal approach for evaluating
operant behavior.

Biochemica Markers

Various biochemical markers have been used to
assess the effects of toxic substances on adult and
developing nervous systems. EPA recently devel-
oped a proposed guideline for the assessment of
developmental neurotoxicity using a glia fibrillary
acidic protein (GFAP) radioimmunoassay (77). GFAPs
are proteins located in the glia, the non-neuron
satellite cells of the central nervous system. When
glial cells are damaged by toxic substances, they
substantially increase production of GFAP. The
proposed test is designed to develop data on changes
in the amount of GFAP in the developing nervous
system after postnatal exposure to a toxic substance.
Such an assay is a useful adjunct to developmental
neuropathological examinations (76,77), Assays of
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B. Rat exposed to trimethyltin.
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Trimethyltin increases levels of glial fibrillary acidic protein
(GFAP) in astrocytes of the rat brain, a sign of nervous
system damage.

proteins in neurons and glia can be used to detect and
characterize specific responses and alterations in
brain development due to toxic substances. While
not designed to uncover basic mechanisms underly-
ing specific neurotoxic effects, this approach can aid
in defining neurochemical mechanisms underlying
altered brain development (78).

Specialized Tests for Organophosphorous
Pesticides

Exposure to some organophosphorous pesticides
produces delayed effects, including weakness of
limbs and improper function of certain motor
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neurons. Evidence of toxicity first appears approxi-
mately 2 to 3 weeks after initial exposure. In 1985,
EPA established guidelines for neurotoxic esterase
assay for organophosphates (50 FR 39463). These
guidelines describe the procedure for measuring the
inhibition of an enzyme known as neurotoxic
esterase (NTE) in the brain or spinal cord of hens
exposed to organophosphorous substances (50 FR
39463). This assay is intended to serve as an adjunct
to behavioral and pathological examinations of hens
and is not intended to replace in vivo tests.

EPA also established guidelines in 1985 for a test
of acute delayed neurotoxicity of organophosphor-
ous substances (50 FR 39466-39467). This test
involves administering a single dose of these sub-
stances orally to adult hens and observing them for
symptoms such as gait changes, lack of coordina-
tion, and paralysis. The animals are observed daily
for approximately 3 weeks until effects are deter-
mined. All signs of toxicity are recorded, aswell as
the duration and extent of exposure. In addition, the
hens are evaluated for motor ability at least twice a
week, with various tests. If neurotoxic effects are not
seen immediately, the dosage may be repeated and
the observation period extended (50 FR 39466-
39467). Later, pathological examinations are also
conducted on the animals.

Subchronic delayed neurotoxicity refers to a
prolonged lack of coordination resulting from re-
peated exposure to atoxic substance over alimited
period of time. In 1985, EPA established guidelines
for a test of subchronic delayed neurotoxicity of
organophosphorous substances (50 FR 39467). This
test involves administering these substances orally
to hens for approximately 3 months. It is usualy
conducted after obtaining information from acute
tests. Evaluators observe the hens daily for such
indicators as gait changes, lack of coordination, and
paralysis. Following the observation period, path-
ological tests of selected neural tissues are con-
ducted using perfusion techniques and microscopic
evaluations. In addition to providing information on
the possible health effects of repeated exposures to
organophosphorous substances, this test may pro-
vide information on dose-response, thus aiding in
determining an estimate of a no-effect level.

Neurophysiology Techniques

Neurophysiological tests for assessing the health
effects of potential and known neurotoxic sub-
stances are usually adopted by neurotoxicologists

from testing techniques used in the basic neuros-
ciences. These tests are designed to provide specific
types of information, and the technique or set of
techniques chosen for a given application will
depend on the nature of the scientific issues under
investigation (9).

In general, neurophysiological testing techniques
depend on the electrical properties of nerve cell
membranes. The firing of a single neuron involves
the movement of electrically charged ions across the
membrane. This movement of charged particles
creates electrical potentials which can be measured.
The measured potentias, in turn, reflect the func-
tioning of the neuron or neurons that generated them.
Neuronal potentials are usually measured by placing
electrodes on or near the neurd tissue of interest. In
many cases where the neura tissue is not directly
available, such as the human brain, the electrodes
can be placed at remote sites for detection of
electrical activity which is conducted through the
cranial tissues. The electrical signals recorded from
the electrodes are typically amplified, filtered, and
passed on to a data acquisition device such as a
computer (9).

It is convenient to categorize electrophysiological
testing techniques by the size of the recording
electrodes used. These range from afew micronsto
severd millimeters. The former, termed "microelec -
trodes,” can be used to penetrate cell membranes
and measure the function of single neural cells or
parts of cells, such as membrane ion channels or
synaptic endings. Moving up in size, “multiunit
electrodes’ can be placed in the vicinity of several
cells and can measure the activity of each neuronin
a cluster of neurons simultaneously. Still larger
“*macroelectrodes can measure the summed activ-
ity of many neurons, possibly thousands of cells.
With macroelectrodes, the activity of individual
cellsis no longer detectable; instead, the activity of
neural systems can be monitored (9). Neurophysiol-
ogical tests may be used to study neural function
either in vitro or in vivo, and they can measure
spontaneously emitted neural responses or those
evoked in response to some type of stimulation (9).

For neurotoxicological applications, microelec-
trode techniques and in vitro procedures are useful
for investigating mechanisms of action of known
neurotoxic substances because of the specificity of
the techniques. For investigating the potential neu-
rotoxicity of compounds with unknown properties,
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in vivo macroelectrode procedures are more useful
because of their generality. One set of macroelec-
trode techniques, sensory evoked potentials (EPs), is
being developed by EPA for potential use in
neurotoxicology testing paradigms. This approach
has been endorsed by several industrial organiza-
tions (9).

Sensory evoked potentials can be used to identify
which of the sensory systems in the nervous system
are affected by neurotoxic substances and to provide
information about the nature of these changes. In
addition, sensory systems are model systems for
studying ‘generic’ dysfunctions, since they include
al the components of other systems but can be
studied relatively noninvasively. Evoked potentials
are essentially electrical signals that are generated
by the nervous system in response to a stimulus.
Using neurophysiological techniques, these signals
can be measured and recorded. Various types of
evoked potentia techniques are currently in use,
including brainstem auditory evoked responses,
flash evoked potentids, pattern reversal evoked
potentials, and somatosensory evoked potentials
(25,56,61).

The electroencephal ograph (EEG) records spon-
taneous, ongoing electrical activity in the brain
(activity that, unlike EPs, is not associated with
presentation of a stimulus). Electrodes are surgically
implanted in arat’s skull or pasted onto a human’s
scalp. The electric potential differences between the
electrodes are measured and the changes in the
potential difference are recorded. EEGs can provide
a detailed record of electrical activity at several brain
sites, allowing investigators to identify general
regions of the brain that may be adversely affected
by acute or long-term exposure to known or potential
neurotoxic substances. However, EEG data can be
difficult to interpret, and the technique provides
limited information on the mechanisms of action of
toxic substances (4,43,97). The limitations of EEGs
spurred the innovation of methods for measuring
evoked potentials.

Brainstem auditory evoked responses (BAERS)
can be used to detect specific losses in the auditory
system and thus to determine specific regions of the
rat’s nervous system that have been damaged (25).
This approach has been used to assess the effects on
hearing of various solvents, such as toluene (56,61,
82,83,88).

Photo credit: Julia Davis, NS Technology Services Corp.,
Research Triangle Park, NC

Experimental neurophysiologist examines a visual evoked
potential recorded from a subject watching the
checkerboard stimulus seen at right.

Visual evoked potentials, which include flash
evoked potentials (FEPs) and pattern reversal
evoked potentials (PREPs), are used to evaluate the
effects of toxic substances on those components of
the nervous system responsible for vision (25,61).
The visual system is vulnerable to neurotoxic
substances, and acute and chronic exposure to such
substances can lead to damage of the retina and the
nerve cellsin various areas of the brain that process
the information received from the retina. Visual
evoked potentials have been used to assess the
effects of various heavy metas, pesticides, and
solvents on visua function in rats. Potentials can be
generated using stimuli ranging from diffuse light
flashes to complex patterns of shapes and colors
(25,61,83).

FEPs in rats are altered by exposure to many
heavy metals, pesticides, and solvents. One tech-
nique for using FEPs in neurotoxicological studies
involves flashing a strobe light of high intensity
(turning on and off an intense stimulus) at the test
species followed by observing and analyzing the
effects on the visual system. One common technique
involves placing the rat in a chamber surrounded
with mirrors on three walls and on the fourth wall a
strobe light which flashes at various intensity levels.
Stimulus intensity, pupil diameter, and level of light
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adaptation are the mgjor parameters of concern in
recording FEPs (4,25,56,61,82,97). Following FEP
examinations, a neuropathological examination may
be conducted to identify any retinal or brain lesions
(damage or loss of retinal cells) caused by exposure
to the toxic substance.

PREPs are used in the diagnosis of optic neuritis,
multiple sclerosis, and other illnesses that affect the
visual system in humans. Visual evoked potentials
can be created by changing a pattern of bright and
dark areas on a screen in front of an animal without
altering the overall level of illumination. Patterns for
PREP testing are generated by reversing the checks
on acheckerboard display (black for white and vice
versa) or the bars in a horizontal or vertical
arrangement. One drawback of this technique is that
it is difficult to ensure that animals focus on the
patterns, especially without training (4,25,56,61 ,82,
83,97). On the other hand, PREPSs can be recorded in
awake rats without concern for the foca point. When
the stimulusisintherat’s visual field, the eyes will
bein focus (10).

Figure 5-2 indicates the results of testing the
chemical chlordimeform on the rat visua system. As
the dosage of the toxic substance is increased (from
O to 40 micrograms per kilogram), the amplitude
(size) of the PREPs increases (note, e.g., the distance
from points N1 to Pi), but the amplitude of the FEPs
is unchanged. The chlordimeform enhances the
response to high-contrast, but not to low-contrast,
stimuli  (12).

Somatosensory evoked potentials (SEPs) are
commonly used to determine the effects of both
potential and known toxic substances on the nervous
system. The somatosensory nerves are the longest
cells in the body, extending from the limbs to the
head. In testing, an electric current is applied to the
sensory nerve of particular interest and the SEPs are
measured. Responses can be examined at many
points along the nerve. This approach has been used
to study the effects of acrylamide (4,25,26,56,61 ,82)
and sulfuryl fluoride on the rat's somatosensory
system (63).

Figure 5-2-Pattern Reversal Evoked Potential (PREP) and Flash Evoked Potential (FEP)
After Treatment With Chlordimeform
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SEPs have been used extensively in neurotoxicol-
ogical studies because they provide rapid, effective,
and quantifiable methods for testing sensory func-
tions (including the visual, auditory, and somatosen-
sory systems). Another advantage is ease in survey-
ing the entire sensory pathway to the brain. How-
ever, the equipment associated with this technique is
expensive, and specia training is often required to
operate it. Another limitation is that, due to the large
variability among rats, many must be tested to obtain
statisticaly reliable results.

Animal Testing | ssues

How WEell Are Animal Test Results
Extrapolated to Humans?

An important goal of toxicology is to increase the
capability of predicting human responses from
animal toxicity tests and to understand the causes of
interspecies differences in susceptibility to toxic
substances. The greatest difficulty in extrapolating
animal data to humans is the difference in responses
between humans and animals to toxic substances.
Humans may be more sensitive to certain substances
than animals and vice versa. In addition, since the
human population is more heterogeneous than any
animal species, the range of doses producing an
effect on humans maybe larger than that for animals
(122).

Sex, age, health, nutritional state, and genetic
makeup may affect an animal’s response to toxic
substances and must be considered when selecting
an animal model. Also, similarity between animal
and human metabolism is an important considera-
tion because it may influence the final determination
of whether a chemical will be therapeutic or toxic,
will be stored or excreted, or will cause acute or
chronic effectsin humans (65).

When the risks of toxic substances are being
assessed, the potential exposure of humansis a
critical consideration. Toxicological data on experi-
mental animals should be applied to the situations
and routes of exposure that are likely to occur for
humans. For example, data collected from the oral
administration of a substance to animals have less
relevance to a situation in which humans are
exposed by inhalation. In addition, an evaluator
should be cautious when applying data obtained on
young, healthy animals to a human population that
is diseased, malnourished, or diverse in its genetic
makeup. The data that are to be evaluated to
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determine a potential risk should be obtained from
animal models that are as similar to humans as
possible (65). When assessing functional effects, the
measures taken in animals should relate to the
functions that are at risk in humans. Thus, if human
complaints are confusion, memory loss, or irritabil-
ity, the animal data should be addressed, to the
extent possible, to changes in these functions.

ALTERNATIVESTO ANIMAL TESTS

Some individuals argue that more animals are
used for testing than are needed and that changesin
experimental design or improved methods of data
analysis could reduce the number of animals used.
Alternatives to animal tests, such as in vitro tests,
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serve the same fundamental purpose as whole
animal tests. to establish the toxicological properties
of a chemical in order to protect and improve human
health and the environment. In vitro approaches use
animal, human, or plant cells, tissues, or explants
maintained in a nutritive medium for use as a model
system in toxicity testing.

Concern about the use of animals in testing seems
to be accelerating at the same time as concern about
product and drug safety. However, the need for more
experimental animals is an incentive for the devel-
opment of new techniques, especialy faster and less
expensive ones (105). While Federa regulatory
agencies currently rely on animal tests to predict
human toxicity, in vitro alternatives are likely to
play an increasingly important role in future toxico-
logical evaluations.

In vitro tests are often used to complement animal
tests and reduce the number of animals being used
for routine toxicity testing. Methods for integrating
in vitro tests into routine toxicity testing are neces-
sary to enhance understanding of the neurotoxic
potential of toxic substances (37).

Toxicologists have identified three mgor reasons
for developing in vitro techniques: scientific-
academic, economic, and humane. There are many
scientific-academic reasons for developing in vitro
methods. There are more than 60,000 chemicals in
EPA’ s inventory of toxic substances and thousands
more chemical formulations, many of which have
not been tested for toxicity. Current testing methods
are time-consuming; for example, it might take from
3 months to 2 years to complete a battery of chronic
studies. With the enormous number of substances
that have not been tested and with new substances
continually entering commerce, rapid, inexpensive
methods are needed for screening.

In vitro testing is aready of critical importance in
academic scientific research. This approach is often
employed to determine the mechanism of action of
toxic agents because in vitro systems are less
complicated and can be manipulated easily. Tissue
culture methodologies have advanced rapidly, and
new equipment and facilities will ensure continued
progress (36). It has been estimated that more than
$70 million has been spent in the United States over
the past decade to develop in vitro testing (37). There
are numerous opportunities to apply the knowledge
that has been gained in basic research to the
development of methods of toxicity testing.

The cost of in vivo research and testing is
increasing. In vitro approaches are generally more
economical, being both less expensive and less
time-consuming. In addition, they are also more
humane because they reduce animal use and mini-
mize animal suffering (36).

In Vitro Neurotoxicity Test Development

Interest in using in vitro testing approaches to
assess neurotoxicity has increased considerably in
recent years. In 1980, a symposium on the use of
tissue culture in toxicology, held in Sosterberg,
Holland, focused on the potential application of in
vitro approaches to the study of neurotoxic sub-
stances. Participants emphasized the need for im-
proved methodologies and increased awareness in
the regulatory community of the utility of in vitro
technigues. Since that time, efforts to develop in
vitro tests have advanced rapidly (36,37,103).

In vitro tests do have some limitations. They
cannot mimic the complex biochemical and physio-
logical interactions that take place in vivo. Also, the
supply of normal human cells available for toxico-
logical testing is currently limited. In order for
human cells to be used routinely for toxicity testing,
some method of making them more readily available
must be devised. In addition, not all human cell types
can be cultured (103).

A number of companies in the United States are
currently developing in vitro toxicological tests. For
competitive reasons, industry initiatives are gener-
aly not made public. Consequently, they will not be
addressed in this report.

The Food and Drug Administration (FDA), the
National Institutes of Health (NIH), the Consumer
Product Safety Commission (CPSC), and EPA are
examining potential in vitro testing approaches
(116). In particular, the National Toxicology Pro-
gram of the Department of Health and Human
Services is evaluating in vitro systems and has asked
for proposals on alternative test development (1 16).
The CPSC is attempting to make greater use of
existing chemical, biological, and human data in
order to avoid animal tests, to reduce the number of
animals used in tests, and to modify existing
methods so as to reduce pain and suffering (95). EPA
has also taken action to reduce the use of animalsin
toxicity research and testing.
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Photomicrograph of living cells in the wells of chambers
that allow monitoring of changes in cellular metabolism
following exposure to toxic substances.

Numerous in vitro techniques are currently in use.
Tissue culture involves maintaining or growing
organs, tissues, or cells in vitro for more than 24
hours. Tissue culture can be further subdivided into
cell culture and organ culture (22,105).

Tissue Culture

Many tissues from humans and animals can be
successfully maintained and studied in culture.
Roux originally used tissue culture in 1885 to
maintain chick embryos outside the egg (99).
Nervous tissue was among the first tissues to be
cultured. In 1907, R.G. Harrison developed a method
for maintaining frog neural tissues in vitro for weeks
(40). In the 1930s, advances were made in defining
the mediarequired for maintaining cells and tissues
in culture, and by the 1950s, tissues could be
cultured in entirely synthetic media. At the same
time, scientists became aware of the importance of
adding antibiotics to culture systems. Before antibi-
otics, bacterial growth interfered with the develop-
ing cells, and all work had to be done in aseptic
conditions. It is now standard procedure to inhibit
bacterial growth with antibiotics (99,105).

Pure cultures of cells and mixtures of cells have
different properties. These differences may be used
to study various aspects of cell activity, such as
differentiation. In this process, one can distinguish
between cells that have a capacity to form other cells
(undifferentiated cells), and cells that have reached
their final stage of development and will not undergo
any further change (differentiated cells) (21,99).

In cell cultures, the colony consists of a mass of
differentiated or undifferentiated cells, and individ-
ual cell types are not easily identified. However,
where a number of different kinds of cells are
growing together, such as in organ cultures, the cells
retain their normal function and differentiated form;
thus, the different types of cells are easy to identify
(99). Tissues can be kept alive outside the living
animal for months or years in cell cultures; however,
whole organs can be sustained in cultures for only a
few daysto afew weeks.

Assessing toxicity using tissue culture approaches
generaly involves adding a test substance to the
culture, observing the viability of the cells, and
identifying any structural or functional changes.

Applications of In Vitro Techniques to
Neurotoxicity Testing

Various types of in vitro techniques are being
developed to evaluate the effects of potential and
known neurotoxic substances. These approaches can
be grouped into three general categories: primary
cultures, cell lines, and cloned cells.

Primary Cultures

Primary culture refers to the remova and mainte-
nance of cells, tissues, and organsin vitro. Embryo
culture, for example, has proven to be very useful in
neurotoxicological studies. Recently, the Chemical
Industry Institute of Toxicology (CIIT) in Research
Triangle Park, North Carolina, developed a rodent
fetal cell culture system for in vitro testing. This
approach involves removing certain regions of the
brain from mouse embryos and culturing them in a
chemically defined environment. After the culture is
exposed to various known and potentia neurotoxic
substances, the tissues and cells can be examined for
morphological and biochemical changes (20). This
technique is useful because neuronal tissues undergo
normal or near-normal development, and cellular
and tissue interactions can be anayzed.
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CIIT scientists are using a class of substances
known as monoha omethanes to validate this test
system. Anima and human exposure to monoha
lomethanes may result in a variety of neurological
symptoms, such as tremors, lack of coordination,
epileptic seizures, and coma. The results from in
vitro studies using monohal omethanes are compared
with documented animal studies to determine corre-
lations between in vitro and in vivo methods.
Development of a database to compare results from
in vitro and whole animal studies, human studies,
and epidemiological studies may aid in validating
this system (20). A similar embryo culture approach
was used successfully by others to demonstrate that
ethyl alcohol can retard the growth and differentia-
tion of fetal tissues (13).

Retinal neurons may aso be employed to
evaluate the effects of toxic substances on the
nervous system. This approach involves dispersion
and culture of retinal cells removed from chick
embryos. Culture methods have recently been im-
proved, alowing growth of low-density, clump, and
flat cell-free cultures of chick embryo neurons.
These cultures can be used to analyze the effects of
toxic substances on cell differentiation using time-
lapse video recordings. In addition, various biologi-
cal techniques may be used to define and character-
ize observed effects (2).

Techniques for culturing neonatal mouse retinal
neurons and photoreceptors have aso been devel-
oped recently. Cells from the retinas of 2-day-old
mice can be cultured in serum-free, completely
chemically defined environments. They serve as
useful models for evaluating the survival and
differentiation of photoreceptor cells, which are
critical to visual processes (87).

A “monolayer” culture system has been devel-
oped to alow the survival and differentiation of
chick embryo retinal neurons and photoreceptors
without contamination. Photoreceptor cells can be
purified with kainic acid and B-bungarotoxin, which,
when added to the culture medium, destroy many
retinal neurons without affecting the photoreceptors
(86). The technique of selectively destroying cells is
a recognized means of cell separation in tissue
culture. Once purified photoreceptors are available,
the effects of various toxic substances can be
determined without the complicating factors intro-
duced by multiple cell types.

Muscle cells can also be cultured, allowing
investigators to analyze the effects of toxic sub-
stances on the neuromuscular system. Cultured
muscle cells from rats and chicks have been used in
electrophysiological studies to examine the sensitiv-
ity of acetylcholine receptors. Toxic substances have
also been used to aid in characterizing the structure
and function of acetylcholine receptors (91). This
type of system could be adapted to assess the effects
of toxic substances on the neuromuscular junction.

Another useful testing method involves organo-
typic cultures, cultures that preserve the connec-
tions and spatial relationships between neurons and
glia (126). One such culture used in neurotoxicity
studies is of the ganglion (a collection of nerve cells
external to the brain or spina cord) (96). In addition,
the mouse embryo spinal cord has been used to study
the effects of various neurotoxic substances, includ-
ing organophosphorous pesticides (35). Organo-
typic cultures have also been used to examine the
mechanisms of action of a wide range of neurotoxic
substances, including such metals as mercury and
thallium and such organic compounds as chloro-
guine (adrug used to treat rheumatic fever) and
2,5-hexanediol, a metabolize of n-hexane (126).

Explant cultures are al'so useful in evaluating
neurotoxicity. They involve placing a small piece of
nerve tissue in a culture medium and maintaining it
for several weeks or months at a time. Explants have
been used to evauate the effects of chemicals on the
myelin sheath surrounding nerve cells and on the
synaptic connections between these cells (96).

Cedll Lines

Cdll lines take advantage of the immortal proper-
ties of certain types of malignant nervous system
cells. For example, the neuroblastoma C-1300 and
the rat glioma C-6 cell lines have been used in
neurochemical and morphological studies for evalu-
ating the effects of a variety of neurotoxic substances
(22,35). One group of investigators recently fused
rat retinal cells with mouse neuroblastoma cells to
create a hybrid cell line that proved to be very useful
in evaluating the neurotoxic effects of the amino
acid glutamate and related compounds (73). Cell
lines are especially useful because a large quantity of
single cell types are available for biochemical
analysis, the cells can be easily examined micro-
scopically, and electrophysiological evaluations may
be undertaken (96).
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Advantages and Limitations of
In Vitro Testing

In vitro tests are advantageous for several reasons.
They involve simpler procedures and consequently
take less time to complete than animal tests. For
example, technicians can conduct morphological,
biochemical, and physiological studies on the same
preparation (93). Furthermore, cultures can be trans-
ferred from one region of the country to another,
allowing evaluation of the same culture in various
laboratories specializing in particular tests. Cultures
can be made of human cells, hence the difficulty of
species variation and of extrapolation of data is
minimized. Substances may be studied in isolation,
and responses by selected cell populations can be
examined. Also, the cellular environment can be
controlled through modification of the concentration
and nature of specific nutrients, which is difficult
using animals (21,99,20).

On the other hand, in vitro tests normally do not
account for the route of exposure to a substance, its
distribution throughout the body, or its complete
metabolism. Also, because in vitro systems gener-
ally do not duplicate the neura circuitry of the entire
animal, toxic endpoints (e.g., behavioral changes,
motor disorders, sensory and perceptual disorders,
and lack of coordination) may be difficult to define
(93). Other concerns are that substances added to the
culture to keep it viable (e.g., antibiotics) might
interact with the tested substance, that cell lines of
cancerous cells may respond to toxic substances
differently than normal cells, and that it may not be
possible to perform chronic toxicity studies due to
the relatively short lifespan of many cultures (cell
lines using immortal cells are a possible exception).
Nevertheless, all test systems have limitations, and
there is general agreement that the many advantages
of in vitro testing present a strong incentive for
continued development and increased utilization
(21,99,20).

HUMAN TESTING

Millions of U.S. workers are exposed full- or
part-time to general toxic or neurotoxic substances
(3). Nearly 400,000 cases of occupational diseases
are recognized annually (111). Preventing the ad-
verse health effects of chemicalsis largely depend-
ent on understanding the toxicological properties of
new and existing chemicals. Various standardized
human tests are available to assess the adverse

effects of toxic substances on the nervous system;
however, because of the ethical issues inherent in
performing some human tests and the difficulty of
obtaining trained staff and expensive equipment,
there have been relatively few human studies
conducted (24).

Overview of Human Tests

Human testing may occur in response to occupa-
tional, environmental, or laboratory exposures. The
methods used to assess the toxicity of substances
vary from one setting to another, since some
approaches are appropriate in one situation but not
in others. For example, when determining early
symptoms of chronic exposure, subjects exposed
occupationally are better test groups than groups
exposed environmentally. On the other hand, in
certain epidemiological studies, subjects exposed
environmentally may be helpful because of the large
diversity of individuals and wide range of ages (74).

In the occupational setting, workers are often
exposed unintentionally to toxic substances. In the
general environment, exposure groups may include
individuals and families living near sources of
industrial pollution, people living in large industrial
cities where they are exposed to vehicle exhaust and
fuel additives, and farmers and agricultural workers
exposed to pesticides in the field (74). Epidemiol-
ogical studies of these individuals are required to
determine the extent to which neurotoxic substances
are affecting human health.

Neurobehavioral Tests

Neurobehavioral tests can provide objective eval-
uations of nervous system and neurobehavioral
functions. Test methods have been utilized both in
evaluation of groups of workers exposed to sub-
stances and in laboratory examinations of individu-
als suspected of having occupational illnesses. In the
evaluation of a group of workers, neurobehavioral
tests are used to assess exposure-effect relationships
and, in some cases, to serve as guides for establish-
ing standards for workplace exposures. In the
laboratory setting, neurobehavioral methods are
useful in quantifying the degree of functional
disability and in making a diagnosis (44).

Several considerations are involved in the selec-
tion of testing techniques to determine the effects of
neurotoxic substances on workers' health. Itisvery
important to consider the purpose of the examina-
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tion. For example, the study may be designed to
identify effects on individual workers who are
exposed or on a population of workers exposed as a
group. Furthermore, the frequency and duration of
exposure must be determined: a study of acute
effects may require tests measuring different func-
tions and properties than a study of chronic effects.
Findly, in some tests a certain time period must
elapse before effects become apparent (44,67).
Researched most commonly select tests that are
known to measure functions affected by severa
neurotoxic substances; provide a complete analysis
of nervous system effects, ranging from reflexes to
complex behaviors; are known to measure one or
more well-defined functions, whether psychological
or neurophysiological; and are cost-effective in
terms of the information they provide (44,67).

Neurobehavioral test results are influenced by
many factors. These can be divided into three
general classes. subject, examiner, and environ-
mental. Subject factors include the individual's age,
sex, education, socioeconomic status, heath and
drug history, and motivation. Table 5-1 summarizes
the subject factors influencing neurobehavioral test
results. Examiner factors are another important
consideration. In order to ensure the cooperation of
subjects and to maximize the reliability of the data,

Table S-I-Subject Factors Influencing
Neurobehavioral Test Results

Age: The performance on neurobehavioral tests varies with age.
When comparing exposed groups, subjects should be
matched by age as closely as possible.

Sex: There are biological and social differences that must be
considered when designing tests that include male and female
workers.

Years of school education: Amount of education also influences
the performance on neurobehavioral tests.

Socioeconomic status: Socioeconomic status includes a combi-
nation of educational, cultural, and occupational factors that
may affect test results. This factor takes into account the years
of school education, regular income, and special occupational
training.

Health and drug history: Any disease that affects neurological
functions will affect neurobehavioral studies. Some of these
diseases include epilepsy, diabetes, and arthritis. If an
individual has any of these health problems, the evaluator may
want to exclude the individual from the study. Drugs must also
be considered. Psychoactive drugs, in particular, can alter
performance on the study. In addition, certain consumed foods
and beverages may alter the individual’s alertness and
performance. These include coffee, colas, and chocolate, all
of which contain caffeine.

Motivation: The attitude of the participants must also be taken
into account.

SOURCE: B.L. Johnson (cd.), Prevention of Neurotoxic lliness in Working
Populations (New York, NY: John Wiley& Sons, 1987).

it isimportant to establish a good working relation-
ship between examiner and participants. It is also
important that a well-trained examiner speak and
interact with all subjects in a consistent and stand-
ardized manner (44). Environmental factors that
influence neurobehavioral studies include the test
surroundings, subject-experimenter interaction, and
season of the year.

Finland's Institute of Occupational Health
Approach

During the 1950s, the first neurotoxicity test
battery for occupational exposure was developed at
Finland's Institute of Occupational Health (FIOH).
The battery was designed to study the effects of
various substances, especialy solvents, on workers.
The 14 neurobehavioral tests listed in table 5-2 are
typical methods used at FIOH to evauate effects on
intelligence, short- and long-term memory, learning
ability, perception, motor performance, and person-
ality. The battery is now used routinely in Finland
(39).

Psychological testing is usually conducted at the
Institute, although sometimes it is conducted at an
industrial facility. The tests are usually performed on
an individual basis. Before the tests are adminis-
tered, the patient is interviewed. The tests are
presented in afixed order, asindicated in table 5-2.
The examination takes 1 to 3 hours, depending on

the tests used and the time available for interviews
(39).

World Health Organization’s
Recommended Approach

During a meeting cosponsored by WHO and the
National Institute for Occupational Safety and
Health in 1983, neurotoxicologists recommended a
core set of tests, known as the Neurobehaviora Core
Test Battery, that could be used in screening for
neurotoxic effects. This test battery is particularly
useful in developing countries or in places where
there are limitations in the setting or the literacy of
the test population (3).

Table 5-3 lists the tests used in this battery. They
were chosen to alow development of uniform,
consistent data from a variety of occupations and
neurotoxic exposure situations (3). Most of the core
tests require the use of paper and pencil in order to
minimize the need for mechanical instruments (a
concern for developing countries). These tests gen-
eraly require minimal training to administer; how-
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Table 5-2-Behavioral Test Battery for
Toxicopsychological Studies Used at the
Institute of Occupational Health in Helsinki

Test method+Test description

Wechsler Adult Intelligence:

-determining similarities between items;
measures verbal ability

-determining synonyms of words;
measures general intelligence and verbal ability

—reproducing patterns of design using blocks;
measures visual ability

-determining the missing parts of pictures;
measures perception

—associating symbols and digits;
measures memory and speed

—recalling digits in series;
measures verbal memory

Wechsler Memory Scale: ] o ]
-logical memory, visual reproduction, and associative learning

Benton Visual Retention Test:
—recalling and reproducing figures;
tests memory and visual retention ability

Kuhnburg Figure Matching Test:
—recalling various figures on cards;
measures speed and memory

Bourdon Wiersma Vigilance Test:

—strike over all groups of 4 dots as printed on the test sheet
(50 rows); each row contains 25 groups of 3,4, or 5 dots;
performed as accurately and quickly as possible;
measures speed and perception

Figure Identification:
—identifying figures; measures speed and perception

Symmetry Drawing Test:
-drawing the other symmetric half of figures;
measures perception and motor speed

. Santa Ana Dexterity Test:
—test for manual dexterity; hand-eye coordination;
measures the ability to perform skillful movements with hands
and arms
Finger Tapping Test:
—taps a counter with thumb rapidly;
measures motor speed

Reaction Time:
—reactions of hands or feet from visual and auditory signals;
measures simple reaction time to respond to stimulus

Mira Test:
-draw simple, straight, and broken lines without seeing the paper
and pencil;
measures psychomotor behavior and psychomotor ability
Rorschach Inkblot Test:
—variables: adaptability, emotionality, spontaneity v. inhibition,
rational self-control, originality of the perception;
measures personality, nonintellectual personality disturbances,
changes in mood, readiness for affective reactions

Eysenck Personality Inventory:
—measures two dimensions of personality: neuroticism and extro-
version-introversion

Questionnaire:

—measures changes in mood, emotionality, and subjective well-
being; two forms used: 1) measures sleep disturbances, fatigue,
neurotoxic behavior; and 2) measures disturbances in control of
mood, emotions, attention, fatigue

SOURCE: H. Hanninen and K. LindstromBehavioral Test Battery for
Toxicopsychological Studies Used & the Institute of Occupa-
tional Health in Helsinki (Helsinki: Institute of Occupational
Health, 1979), pp. 1-58.

Table 5-3—WHO Neurobehavioral Core Test Battery

Functional domain

Motor speed, motor
steadiness

Core test

Aiming (Pursuit Aiming ii):
assess the control and precision of
hand movements; individual is re-
quired to follow a pattern of small
circles, placing a dot in each circle
around the pattern; subject’s score
is the number of taps in the circle
within 1 minute
Simple reaction time; see table 5-2
for description
Wechsler Adult Inteiiigence Scale:
a sheet contains a list of numbers
that are associated with certain sim-
ple symbols and a list of random
digits with blank spaces below them;
subject asked to write correct sym-
bols in blank spaces as fast as
possible
Santa Aria: see table 5-2 for de-
scription
Benton Visual Retention: see table
5-2 for description
Wechsler Adult intelligence Scale:
recall digits in series forwards and
backwards immediately after hear-
ing them
SOURCE: B.L. Johnson, (cd.), Prevention of Neurotoxic lliness in Working
Populations (New York, NY: John Wiley & -Sons, 1987).

Attention, response speed

Perceptual-motor speed

Manual dexterity

Visual perception,
memory
Auditory memory

ever, the reaction time test requires the use of an
electrical instrument that necessitates some training.
The total amount of time necessary to complete the
core test battery is approximately 45 minutes (44).

Computer-Based Testing

Computer-based neurobehavioral tests have re-
cently been developed in response to the need for
standardized testing methods that objectively and
efficiently collect data on various neurotoxic effects
seen in exposed workers. Computer testing has been
used to study acute exposures of workersin labora-
tory (experimental) studies and to study chronic
effects on workers in epidemiological studies. Some
computer-based tests are reliable for conducting
comparative studies of workers, but methods appro-
priate for clinical studies have not been developed
(52).

The most extensively used computer-based test
battery is the Neurobehavioral Evaluation System.
The tests selected analyze a broad range of central
nervous system functions, including psychomotor
performance, memory, perceptual ability, vocabu-
lary ability, and mood (53,7).

Various computer-based tests have been devel-
oped for epidemiological applications, including the
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MicroTox System (27); Swedish Performance Eval-
uation System (41); Milan Automated Neurobehav-
ioral System, a computer implementation of many of
the tests in the WHO Neurobehavioral Core Test
Battery (15); and the Cognitive Scanner, developed
in Denmark (51).

Computerized techniques have severa advan-
tages and limitations. Some of the primary advan-
tages are reproducibility of testing conditions, ease
of scoring, immediate reporting of resultsto the
subjects, and storage of data in the computer’s
memory for future use. In addition, highly trained
staff are not required (52,7). The limitations of these
techniques center on the cost and availability of
equipment. In addition, computer techniques usually
emphasize speed of response; thus, other behaviora
responses may not be adequately measured.

Neurophysiological Techniques

As isthe case for animal testing, a variety of
neurophysiologica techniques can be used to assess
the health effects of potential and known neurotoxic
substances on humans. Many of the same techniques
used in animal studies can be employed for evaluat-
ing worker exposure to various neurotoxic sub-
stances. These include the sensory evoked poten-
tials, electromyograph, and electroneurograph. Sen-
sory evoked potentials include brainstem auditory
evoked responses, flash evoked potentials, pattern
reversal evoked potentials, and somatosensory evoked
potentials. Most of these techniques have been
summarized earlier in this chapter; they will not be
readdressed here. (See the section on neurophysiol-
ogical techniques of animal testing.) EPA summa-
rized several situations in which analysis of sensory
evoked potentials would be useful (82), including
determining the sensory effects of injured workers
who are unconscious, immobile, or unable to re-
spond verbally; sensory testing of workers claiming
compensation when malingering is suspected; sen-
sory testing of workers whose complaints do not
correspond to clinically significant deficits in rou-
tine clinical examination; distinguishing peripheral
from central nervous system damage in sensory
pathways, and monitoring of workers chronically
exposed to chemicals known to be neurotoxic.

Electromyography (EMG) and electroneuro-
graphy (ENG) are established testing techniques
well-suited to studies of various neuromuscular
disorders. They are also often used in clinica
examinations in neurology, orthopedics, and neuro-

surgery. EMG records electrical activities using a
needle electrode inserted into the muscle. Research-
ers note several characteristics, including electrical
activity in the muscle when the needle is inserted,
electrical activity of the resting muscle, and el ectri-
cal activity of motor conduction velocity during
voluntary muscle contraction (43). ENG measures
the electrical signals generated by the nerves. The
electromyograph has not been used extensively for
evaluating the health effects of neurotoxic sub-
stances on test animals, because few toxicologists
are trained in EMG procedures. Interpretation of the
results requires special training, and it can be
difficult to control the degree of muscle contraction
in test animals (97,43).

Human Exposure Studies

Information collected in human neurotoxicity
studies may have several important uses, including:

e providing indications of toxic effects that can
serve as early warnings of chronic disease
Processes,

e testing the adequacy of existing or proposed
exposure limits;

¢ identifying human performance capacities that
may be impaired by short-term exposure to
toxic chemicals; and

e providing data on the neurotoxic effects of
exposure to more than one chemical or other
workplace conditions (e.g., physical agents,
work level, drugs) that may interact to modify
the neurotoxicity of single substances (44).

Fundamental components of this type of study are
controlled exposure to the substances being studied,
methods for estimating the body burden of the
substances, appropriate tests and experimental de-
sign to reflect the neurobehavioral response of the
subjects to the substance, and control groups or
control conditions. However, human exposure stud-
ies are among the most difficult and expensive
controlled laboratory experiments to conduct. Be-
cause humans have complex personalities, each
individual brings to the experiment several attributes
that may be difficult for an investigator to control.
Such variables include age, sex, education, motiva-
tion, and work history (24).

Human studies typically require more examiner-
subject interaction than other types of tests. A certain
amount of controlled and consistent interaction is
necessary to reduce the anxiety caused by the test
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situation. Several factors may affect the interaction,
including the presence of more than one examiner,
and the personality, experience, and sex of the
examiner. Interaction effects occur when subjects
are tested in groups in large exposure chambers. The
results of a study may change if the subjects are
tested in groups of two or more rather than singly, in
groups of both sexes rather than one sex, or in groups
in which the subjects are friends rather than strangers
(24).

Selection of Study Populations

The success of any human toxicity test depends on
awell-designed study that has a clearly defined
purpose. Two major reasons for conducting a study
in the industria setting are: 1) an awareness that a
group of people collectively has similar health
complaints and that a potential occupational health
problem exists, or 2) a potential hazard has been
identified and more information is needed to define
the extent of the hazard. When undertaking human
studies, it is important to select a well-defined group.
If the purpose of the study is a potential health
problem, the study population may have been
identified by aformal complaint from an individual
or company to a Federa agency. Usually, the source
of the complaint appears to be limited to a work site
or a plant. In this circumstance, a preliminary
screening questionnaire may be conducted to deter-
mine the study group (125).

Steps in Conducting Workplace Research

There are severa fundamental steps in conducting
a workplace research study, and there are severa
significant dangers to be avoided. The identification
of asuitable work group is the first, difficult step.
The evaluator should consider the willingness of a
company to allow worker participation. Prior to
beginning the test, the evaluator must seek out the
companies involved and convince them of the value
of the test in order to ensure participation. Most
employees will cooperate as long as they are
convinced that data on them will be kept confidential
3).

Testing conditions are determined by the industry
involved and past experience with the test selection.
Testing sites are usualy clinics, hospitals, laborato-
ries, and conference centers. It is standard practice to
describe the purpose and the benefit of the study to
test subjects, what unpleasant tests they will encoun-
ter, who is responsible for the study, and whom to

contact if they have questions or experience difficul-
ties. They should also be informed that they may
withdraw from the study at any time if they feel that
it is unsatisfactory in any way (3).

Records should be kept on file for each research
project. They should contain information on the
day-to-day decisions regarding the study and any
unusual events that take place. In addition, there
should be a comprehensive report containing infor-
mation on worker characteristics such as age, sex,
race, and education; the number of years that the
worker has been at his or her profession; the
measurements or pattern of exposure over the years;
the methods used to obtain the measurements;
complete descriptions of all tests; descriptions of
statistical tests used; and any adverse effects and
diseases that were determined (3).

Epidemiological Studies

Epidemiological studies play a very important
role in evaluating the effects of neurotoxic sub-
stances on workers and in developing strategies for
the prevention of occupational diseases affecting the
nervous system (44). The advantage of such studies
over animal testing is that they provide direct
evidence of effects on human health. However,
human studies are difficult to conduct and evaluate.
Onelimitation isthat if the exposure resultsonly in
acute effects, epidemiological studies must be per-
formed shortly after exposure occurred.

Another limitation is the complex relationship
that exists between toxic exposures and human
disease. Humans vary greatly not only in their
exposure to substances, but also in their physiologi-
cal response to exposure. Despite these difficulties,
extensive techniques for evaluating data from human
studies have been developed. Epidemiology has
proved to be areliable means of evaluating qualita-
tive and quantitative relationships between exposure
to toxic substances and human disease (16). Because
epidemiological studies generally identify correla-
tions between exposures and effects, it is often
necessary to undertake animal studies to identify
cause and effect relationships.

Occupational epidemiology is the study of the
distribution of a disease among a working popul a-
tion and the factors that influence this distribution.
This field attempts to identify relationships between
diseases and occupational exposures to chemicals.
The value of such epidemiological studies is in-
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creased when they are used with toxicological
studies on humans or animals. They are important in
identifying possible associations that can be tested
in laboratory environments. Furthermore, they can
be used to evaluate human health risks suggested by
laboratory exposures (16).

Legal and Ethical Considerationsin
Neurotoxicity Testing and Monitoring

Deliberate exposure of humans to neurotoxic
substances in the course of research calls for all of
the basic protections afforded research subjects
under existing Federal law. Department of Health
and Human Services regulations require ingtitutions
performing research on human subjects to create and
use Institutional Review Boards to check proposed
projects for compliance with regulations if those
projects are funded by the Department or its
constituent agencies (45 CFR 46.103(b)). Although
these regulations are legally binding only on institu-
tions receiving Federal funds, they are usualy
considered minimum standards for other institutions
and research situations as well.

After there has been an appropriate eval uation of
the value, scientific merit, probability of generating
knowledge, and risk-benefit ratio of a proposed
study, subjects can be selected and their consent
solicited. Federal law requires that specific informa-
tion be disclosed before valid consent can be
obtained. Under Federa regulations (45 CFR 46.116)
and some State statutes, all reasonably foreseeable
risks and discomforts that subjects might experience
must be disclosed.

Risk information is not the only type of informa-
tion that requires greater elaboration in the research
setting. Federal law also mandates disclosure re-
garding the nature and purpose of the research;
anticipated length of the subject’s participation in
the study; procedures to be followed; identification
of experimental procedures; benefits that may rea-
sonably be expected to accrue to the subject or others
from the study; steps to be taken, if any, to maintain
confidentiality of records identifying participants;
whether compensation and treatment are available
for injury arising from a study where more than
minimal risk is involved; and who should be
contacted if subjects have questions regarding the
research or their rights, as well as the contact person
in the event of research-related injury (45 CFR
46.1 16(Q)).

Workplace exposures to neurotoxic substances
may be accidental or nonaccidental. The primary
ethical obligation in the case of an accidental
exposure to a neurotoxic substance is prevention.
Box 5-C illustrates the important ethical issues that
arise from chronic workplace exposure to neurotoxic
substances such as mercury, A continuing issue in
both types of workplace exposure is whether it is
appropriate to notify workers about past exposures
to hazardous substances, including neurotoxic sub-
stances. Many persons believe that groups of work-
ers who have been exposed to hazardous substances
in the past should be informed of this whenever
possible. However, the possibility that some work-
ers will be mistakenly identified and informed has to
be weighed against the value of a retrospective
notice procedure.

Prevention of Human Exposure to
Neurotoxic Substances

Some of the disorders caused by neurotoxic
substances can require extensive therapy and medi-
cal care. In addition, a significant number of these
may beirreversible if exposure levels are high. The
severity of these effects is an excellent reason for
implementing methods of preventing exposure to
neurotoxic substances.

Several approaches are used. One method is to
increase awareness of the effects of neurotoxic
substances through educational programs (6). These
programs are designed to educate supervisors and
workers about the signs and symptoms associated
with exposure to certain toxic substances in the
workplace. Managers may reduce risk of exposure to
substances by substituting a less hazardous sub-
stance for the substance of concern, using adequate
engineering controls, developing improved working
conditions, and providing proper protective equip-
ment, such as respirators, gloves, eye shields, and
boots (6,125).

All occupational safety and health programs
should be directed toward recognizing and prevent-
ing problems early. This includes communication
among Federal agencies, manufacturers, and users
of potentially neurotoxic substances.

Medical controls are another important aspect of
an exposure prevention program. The extent of the
controls will depend on the hazards and seriousness
of the risks involved. Preemployment physical
examinations, including detailed histories of previ-
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Box 5-C—Ethical Issues Associated With Chronic Exposure to a Neurotoxic Agent

One example of an occupational exposure to a neurotoxic agent is the case of workers assigned the task of
recovering mercury from old or broken thermometers.

On October 16, 1986, two executives and a supervisor of the Pymm Thermometer Company were indicted on
charges of assault for allegedly endangering the lives of workers by knowingly and continually exposing them to
mercury, conspiracy for hiding the existence of a cellar workshop from the Occupational Safety and Health
Administration (OSHA) inspectors, and falsifying records in an attempt to conceal the cellar operation. According
to the brief filed on behalf of the workers:

Already aware of the dangerous conditions on their main manufacturing floor, defendants created and
maintained even worse conditions in a cellar mercury-reclamation operation. In order to salvage some of the valuable
mercury that was being wasted in its main manufacturing process, Pymm constructed a crushing machine that ground
up broken and defective thermometers, spewing mercury-laden dust into the face of the machine operator. The
machine was housed in awindowless, underventilated cellar, where defendants stored boxes leaking mercury from
the broken and faulty thermometers to be processed (85).

One worker who was employed in this area for approximately 11 months suffered permanent brain damage
from mercury poisoning (85). Exposure to mercury can cause tremors, headaches, and nausea, and more severe cases
of mercury poisoning have been linked to brain damage, kidney disease, loss of vision and hearing, and motor
impairment. Humans can absorb mercury by inhaling the vapors in the air. Mercury passes from the lungs into the
bloodstream, which transports and deposits it first in the brain and then in other parts of the body, including the
spina cord and peripheral nervous system. Once in the body, mercury binds to proteins in the central nervous
system. Aslong as mercury circulates and remains in the body’s soft tissue, some of it can be returned to blood and
plasma, to be extracted and excreted through the kidneys and intestines. In this way, the body rids itself of about
half of one day’ sintake over a period of 40 to 70 days. When, however, a person takes in mercury faster than it be
can excreted, the body begins to store mercury in bones and teeth (47). OSHA's limit for exposure during an 8-hour
day is 0.1 milligram per cubic meter of air.

Chronic exposure of workers to a known neurotoxic agent like mercury raises ethical arguments about the
duties of employers not to knowingly inflict harm on workers, the use of coercion in exposure to neurotoxic agents,
the right of an employee to know that he or she is working in a harmful area, and the right of the employee to
experience the full benefit of Federal efforts to ensure a safe workplace through OSHA inspectors and accurate
record keeping. The employers in a case such as this could make an ethical argument that the greatest good for the
greatest number entails recovery of mercury, but they are not ethically or legally free to pursue this objective when
it clearly inflicts a known hazard on workers. The ethical dilemma in a case such as this would be an arguable ethical
right of the worker to assume the risks of exposure to a known neurotoxic agent, such as mercury, in order to pursue
some other value, such asincreased pay. In order to explore whether the worker would have such aright it would
be necessary to ensure that the worker was freely and knowingly opting to take such arisk. In addition, it would
be important that the individual not impose unnecessary risk on others, for example, by exposing family members
to mercury by bringing it home on work clothes. In the Pymm casg, it is aleged that when the workers asked about
any possible dangers of working with mercury, the employer lied and provided no training, protective clothing, or
other safety equipment (85). Although the company officers were convicted by the jury on the assault charges, the
trial court judge overturned the verdict. The State appealed to the appellate division of the Supreme Court of the
State of New York. The case is continuing.

SOURCES: C.D. Klaassen, M.O. Amdur, and J. Doull (eds.), Casarett and Doull's Toxicology (New York, NY: Macmillan, 1986); People of

the State of New York v. William Pymm, Edward A. Pymm, Pym Thermometer, Inc., and Pak Glass Machinery Corp., Brief for the
Appellant, Mar. 21, 1988.

ous exposures to substances and relevant preexisting
conditions, are often very useful. Such examinations
can identify persons who are likely to be susceptible
to specific toxic substances. In addition, they allow
the occupational physician to take necessary steps to
limit employee exposure to certain hazards. Routine
medical examinations also aid in monitoring the
effectiveness of worker safety programs and verify

the effectiveness of engineering controls. Symptoms
of a high level of exposure to a substance in a-group
of workers may indicate a failure that must be
corrected. Consequently, more stringent engineering
controls may be implemented to improve the work-
ing environment. A variety of engineering controls
may be used to minimize exposure to neurotoxic
substances. Because OTA described these in detail
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in a previous report (104), they will not be addressed
here.

MONITORING OF TOXIC
SUBSTANCES

Numerous methods are currently being used to
monitor exposure to and adverse health effects of
toxic substances, including substances that may
affect the nervous system. These methods include
specimen banking (long-term storage of biological
specimens for toxicological analysis), monitoring of
animal tissues (e.g., marine mammal tissues and
mussel tissues), and biological monitoring. Monitor-
ing studies are used to develop baseline data, to
determine whether and to what extent humans and
other organisms are exposed, and to assess exposure
trends. The following discussion summarizes some
of the current domestic and international monitoring
programs.

Specimen Banking

Domestic and International Programs
To Monitor Toxic Substances

The purpose of specimen banking programsisto
track the concentrations of contaminants in tissues
over time. Datafrom programs of thiskind are very
useful to public health and regulatory officials, who
must ensure that human exposure to toxic substances
is limited. These data are also critical to epidemio-
logical and other scientific investigations designed
to link adverse health effects with particular toxic
substances. Human tissue monitoring was first
undertaken in the Federal Republic of Germany and
the United States. Other countries now have plans to
collect and store human tissues, including Canada,
Japan, and Sweden. In 1980 and 1981, the West
German Specimen Banking Program began coll ect-
ing and storing human specimens at the University
of Munster and at the central bank at the Atomic
Research Center in Julich (54). Three types of
human material were collected: whole blood, adi-
pose tissue (fat tissue), and liver tissue. Biological
specimens from terrestrial, freshwater, and marine
environments were also collected (54).

In 1973, EPA, in collaboration with the National
Bureau of Standards (NBS), proposed the estab-
lishment of a National Environmental Specimen
Bank, a systematic approach to specimen banking

and monitoring for effects of toxic substances. Since
1975, EPA and NBS have been involved in research-
related programs for specimen sampling, analysis,
and storage (118,120,1 19). Furthermore, in 1975,
the Federal Republic of Germany and EPA agreed to
cooperate in general activities of specimen banking
(120). A workshop was sponsored by EPA and NBS
in 1976 to design a pilot Nationa Environmental
Specimen Bank program and to evaluate the long-
term storage of samples. The primary goals of this
program are the collection, processing, storage, and
anaysis of specimens (120).

In addition, EPA has established two monitoring
programs to assess exposure to pesticides and to
identify changes in exposure levels. The first pro-
gram analyzes pesticides in urine and blood serum;
the second monitors and stores adipose tissue (54).

From 1976 to 1980, the National Center for
Health Statistics (NCHS) sponsored the National
Health and Nutritional Examination Survey |l
(NHANES I1) to establish base-line data on public
exposure to various classes of pesticides, including
the organophosphate, carbamate, chlorophenoxy,
and organochlorine classes (54,72). Researchers set
out to obtain health and nutritional information by
conducting direct physical examinations and tests
(including blood, serum, and urine specimens) for
pesticide exposure in the general population in
various regions of the United States. The program
has provided estimates of the total prevalence of
selected illnesses, impairments of health and nutri-
tional status, and the distribution of many conditions
in the population by sex, age, income levels, race,
and region (72). Technicians have developed sys-
tematic methods of collecting, analyzing, and inter-
preting the data for the studies in order to detect
potentially toxic substances. In addition, from 1982
to 1984, the Hispanic Health and Nutrition Examina-
tion Survey (HHANES) was conducted by NCHS to
provide data on the health and nutritional status of
the Hispanic population of the United States (31).

In 1985, NCHS began planning NHANES Il (a
survey to be conducted between 1988 to 1994) to
assess nutrition status, osteoporosis (abnormal de-
crease in density and loss of calcium in the bone),
arthritis, lung disease, heart disease, diabetes, AIDS,
kidney disease, growth and development of children,
and health and disability of older citizens (54,109).

'In 1988, the National Bureau of Standards became a component of the National Institute of Standards and Technology.
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Currently, all data are collected by computerized
methods in mobile examination centers, which
increases the quality and availability of the data for
analysis.

The current goals of NHANES Il include exam-
ining the national prevalence of various diseases and
risk factors, documenting and investigating reasons
for trends, understanding disease etiology, and
investigating the natural history of selected diseases
(109),

Another type of program was established by EPA
some years ago to monitor toxic substances in
human adipose tissue. In 1970, the Agency initiated
and sponsored a National Human Adipose Tissue
Survey to determine incidence, levels, and other
indicators of exposure to pesticides in the general
population of the United States (54). This program
monitors the levels of various pesticides in adipose
tissue collected from cadavers during autopsies (54).

WHO is conducting a multinational specimen
banking program for human tissues. Specimens
from the heart, brachial artery, aorta, and diaphragm
of cadavers are being evaluated. This program is
designed to compare exposure to trace metals with
the development of cardiovascular diseases (54).
Additional human monitoring programs include a
serum program conducted by the Centers for Disease
Control and collection of preserved human tissues in
formaldehyde at the EPA Pesticide Research Labo-
ratory (54),

Monitoring of Nonhuman Tissues

In 1987, the Alaskan Marine Mammal Tissue
Archival Project was established by the Minerals
Management Service to collect and store Alaskan
marine mammal tissues in order to monitor toxic
substances. To reach this goal, three objectives were
set: to collect marine mammal tissues that are
suitable for determining levels of organic and
inorganic substances; to transport and archive tis-
sues in a condition that is ideal for long-term storage
and analysis; and to determine the most appropriate
collection protocols for long-term storage of marine
mammal tissues (8,1 11).

In 1984, the National Oceanic and Atmaospheric
Administration within the U.S. Department of Com-
merce conducted studies through its National Status
and Trends Program for Marine Environment Qual-
ity to determine the environmental quality of the
coastal and estuarine regions of the United States.

The objectives of this program are to determine
concentrations of substances in biological tissues
and sediments and to examine and record changes in
these concentrations. Since 1984 and 1986, respec-
tively, samples have been collected at approximately
50 benthic surveillance sites and 150 Mussel Watch
sites. Benthic (bottom-dwelling) fishes are collected
at the Benthic Surveillance sites and their livers are
removed and stored for further chemical evaluation.
At the Mussel Watch sites, molluscs are collected for
chemical analysis. Commonly assayed substances
include polyaromatic hydrocarbons, polychlorinated
biphenyls, pesticides, and the elements arsenic,
cadmium, chromium, lead, mercury, silver, and tin
(106,107,108).

Biological Monitoring

Monitoring programs are designed to observe,
measure, and judge on a continuous basis the
potential health effects of substances and make
proper decisions on the adequacy of control meas-
ures. Monitoring is more than just sampling the air
where workers are being exposed or conducting
medical examinations of workers. It is an entire
series of activities that are undertaken to make
proper judgments on the protective controls needed
or the adequacy of the control measuresin place, or
both. One approach commonly used in occupational
health is biological monitoring. This makes it
possible to determine both the occurrence of expo-
sure and the presence of particular substance(s) in
body fluids (i.e., blood or urine) or organs in order
to evaluate health risk (5).

Biological monitoring programs are designed to
detect the presence in the body of substances from
all routes of exposure. The appropriate frequency of
monitoring may be influenced by several factors,
including intensity and duration of exposure and
toxicity of the substances. Monitoring is generally
done more often when the toxic substances being
evaluated are expected to produce irreversible changes.

One limitation of biological monitoring is that it
is sometimes difficult to establish whether exposure
to toxic substances is responsible for observed
changes in the biological parameters. Individuals are
often exposed to several substances simultaneously,
and one must consider whether a different substance
or a combination of substances caused the observed
toxic effects. Variability in individual responses
may be another limitation to monitoring. Multiple
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factors may cause variability in response among
workers exposed to the same substance. Thus, it may
be difficult to determine the normal response for a
given individua (5).

Internationally, the Global Environment Moni-
toring System created a biological monitoring sys-
tem to evaluate the health risks from exposure to
lead, cadmium, and pesticides. The study of lead
exposures was conducted between 1979 and 1981
and involved 10 countries. In 1984, a follow-up
study was conducted in four countries. Blood
samples from volunteers were taken and analyzed
for lead and cadmium content. In 1981, a study of
selected organochlorine pesticides, including DDT
and PCBs in human milk, was conducted in 10
countries to assess the population’s exposure to
these substances (124).

Other Monitoring Programs

AS part of the Federa Emergency Planning and
Community Right-to-Know Act of 1986, EPA was

Photo credit: U.S. Environmental Protection Agency

required to generate a database on toxic substances
released into the environment from industrial sites
throughout the country. Commonly known as the
Toxics Release Inventory (TRI), the database con-
tains information on approximately 328 toxic sub-
stances (see box 5-D). Results of the inventory
indicate that in 1987, approximately 18 billion
pounds of toxic substances were released directly
into the air, surface waters, land, or underground
injection wells in the United States. In addition, 4.6
billion pounds were transported offsite for disposal
or treatment. TRI will enable regulatory and public
health officials, researchers, and the public to
monitor what quantities of particular chemicals are
being released from sites around the country. The
first data were published in 1989, and the inventory
will be updated annually. The database pertains only
to manufacturing industries; Federal facilities are
not accounted for (94,1 13). Figure 5-3 illustrates the
neurotoxic substances among the TRI's top 25
chemicals emitted into the air.
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Box 5-D-Neurotoxicants Released Into the Environment by Industry:
The Toxics Release Inventory Supplies New Evidence

Until recently, regulators had no comprehensive answer to a basic question underlying toxic substances
regulation: What amounts of toxic substances are we actually dealing within the United States? Despite dozens of
databases devoted to toxic chemical regulation, such as data on air pollution permits, surface water discharges
controlled under Federal water pollution control regulations, and hazardous wastes regulated under the Resource
Conservation and Recovery Act, no single compendium contained estimates of the overall amounts of chemicals
released into the environment. The Toxics Release Inventory, which grew out of reporting requirements mandated
in the 1986 Superfund amendments (Superfund Amendments and Reauthorization Act sec. 313), provides a
preliminary answer—at least for the 327 chemicals covered by the statute that are discharged into air or water or
dumped on land by manufacturers in 20 specified industries.

Inventory data show, for example, that manufacturing facilities emitted significant amounts of neurotoxicants
to the air in 1987. Overall, facilities released 2.6 hillion pounds of the 327 toxic chemicals on the Inventory list.
A brief review of the scientific literature reveals that 17 of the top 25 chemicals, accounting for 1.8 billion
pounds (77 percent) of the total for the top 25, have documented neurotoxic effects ranging from narcotic
effects (drowsiness or fatigue) to more permanent and debilitating effects, such as hearing impairment and
blindness. Of these 17 neurotoxicants, only benzene, which is a known human carcinogen, has been regulated
as a hazardous pollutant under the Clean Air Act. The neurotoxic effects of two additional chemicals,l,| -
trichloroethane and glycol ethers, which account for another 189 million pounds (8 percent) of the top 25-are being
investigated under the Toxic Substances Control Act section 4 test rules. In sum, manufacturers released a total of
nearly 2 billion pounds of potential or known neurotoxicants (85 percent of the top 25) in 1987. Figures on 1988
releases, which will become available in 1990, should give some indication as to whether emissions of these
neurotoxicants are increasing or decreasing.

The Inventory data do not cover many sources of toxic chemicals in the environment, notably consumer
products and agricultural chemicals, nor do they address the chemical releases and exposures in the occupational
setting. Furthermore, the data do not reveal the amounts to which people are actually exposed (chemicals may break
down or be transported rapidly through the environment after being released, or they may accumulate in the
environment) or the probable risks from exposure. The Inventory data do, however, suggest that significant amounts
of identified neurotoxicants are finding their way out of factories and into the environment; these releases are
plausible candidates for further study or control.

SOURCES: U.S. Environmental Protection Agency, Office of Pesticides and Toxic Substances, The Toxics Release Inventory: A National
Perspective, 1987, EPA 560/4-89-006 (Washington, DC: 1989); W.K. Anger and B.L. Johnson, “Chemicals Affecting Behavior,”

51-148

Neurotoxicity of Industrial and Commercial Chemicals, vol. 1, J.L. O’ Donoghue (cd.) (Boca Raton, FL: CRC Press, 1985), pp.

A wide variety of additional monitoring programs
has been undertaken by several Federal agencies.
For example, in 1978, the U.S. Department of
Agriculture (USDA) and the Human Nutrition
Information Service devised a survey called the
Nationwide Food Consumption Survey to measure
the food and nutrient content of the U.S. diet, the
dollar value of food used in the average U.S.
household, and food and nutrient intakes of individ-
uals at home and away from home. In addition, since
1965, FDA has conducted a survey known as the
Total Diet Study to collect and analyze diet samples
from retail markets to assess concentrations of
metals, pesticide residues, and other substances
commonly found in the diet. In 1987, FDA analyzed
936 food samples in the diets of U.S. consumers and
found that the levels of intake of the pesticides

assayed for were less than 1 percent of acceptable
levels set by WHO and the United Nation's Food
and Agriculture Organization (110). Also, the Na-
tional Residue Program is conducted by USDA to
evaluate pesticide residue levels and other poten-
tially hazardous substances present in meat and
poultry. In 1984, EPA’s Office of Pesticide Pro-
grams developed a Tolerance Assessment System in
order to estimate potential human exposure to
pesticides in the diet and analyze the risks that could
result from exposure (31).

The Agency for Toxic Substances and Disease
Registry of the Department of Health and Human
Services recently set up a registry of persons
exposed to toxic substances at hazardous waste sites
and at emergency chemical spills. The registry will
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Figure 5-3-Neurotoxic Substances Are Prominent Among the Toxics Release Inventory's Top 25
Chemicals Emitted Into the Air in 1987
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provide information needed by researchers to assess
the long-term health effects of both low-level
chronic exposures and high-level acute exposures
(108).

SUMMARY AND CONCLUSIONS

The adverse effects of toxic substances on the
nervous system may be evaluated through three
categories of toxicological tests. whole animal,
tissue and cell culture, and human subjects. Each
approach has both advantages and limitations, and in
practice combinations of these tests may be used in
a complete toxicological evaluation. The best means
of predicting human health effectsisto evaluate the
effects of potentially toxic substances directly on
human subjects. However, this approach is difficult
and frequently presents ethical dilemmas. Conse-
guently, it is often necessary to rely on animal tests
in making predictions of human health effects. In
some cases, in vitro tests can be used to detect the
neurotoxic potential of toxic substances. As more in

vitro testing techniques become available and are
validated, they will be useful in initial screening, as
complements to various animal tests, or both.

Severa industrial and Federa organizations have
developed animal tests to evaluate the effects of
known and potential neurotoxic substances. In
industry, various testing approaches are currently in
use and protocols are continually being revised and
improved. In the Federal arena, EPA has developed
guidelines under the Federal Insecticide, Fungicide,
and Rodenticide Act and the Toxic Substances
Control Act specifically for determining neurotoxic
properties of toxic substances. The guidelines are
composed of a core set of tests consisting of the
functional observational battery (a series of tests
designed to screen rapidly for neurotoxic potential),
tests of motor activity, and neuropathological exam-
inations. For regulatory purposes, EPA plans to
utilize the core tests and supplement them with
additional neurotoxicity tests when appropriate.
These may include schedule-controlled operant



Chapter STesting and Monitoring « 137

behavior, neurotoxic esterase assay for organo-
phosphorous substances, acute and subchronic de-
layed neurotoxicity of organophosphorous sub-
stances, and developmental examinations. Neuro-
physiological evaluations are also used in identify-
ing neurotoxic substances and in evaluating their
adverse effects, however, EPA currently has not
developed guiddines for using these tests in regula-
tory activities.

Several human tests are in use to determine the
neurotoxic potential of suspected and known toxic
substances. These include neurobehavioral evalua-
tions and various neurophysiological tests. In addi-
tion, computerized techniques are rapidly advancing
to aid in studies of neurotoxicity.

Monitoring of toxic substances is critical because
it enables investigators to systematically trace toxic
pollutants and their sources that are contaminating
the air, land, and water. Monitoring programs
include human and animal specimen banking, bio-
logical monitoring, and related efforts. Toxicity
monitoring programs now under way in Federa
agencies address neurotoxicological concerns in
varying degrees. However, much more could be
doneinthisarea

Until recently, Federal agencies have devoted
little attention to neurotoxicity testing. EPA is the
leader in developing test guidelines to evaluate
neurotoxicity. The regulatory programs of other
agencies would benefit from joint test development,
and more active involvement of industry and acade-
mia in test development and validation programs
would help ensure the optimal design of neurotoxic-
ity tests for general use in regulatory programs,

EPA is continuing to examine the testing guide-
lines already produced to determine whether a wider
range of tests is needed to evaluate the neurotoxic
properties of toxic substances, For example, the
schedule-controlled operant behavior and devel-
opmental tests provide additional information about
certain effects that cannot be determined by the
FOB, motor activity, and neuropathology examina-
tions.

The Federal Government is encouraging the
development of in vitro neurotoxicological tests. As
these tests become available, testing schemes may
be modified to take advantage of both in vivo and in
vitro approaches. Finally, monitoring programs
under way at various organizations and Federal

agencies would benefit by giving greater attention to
substances with neurotoxic potential and by incor-
porating a wider range of neurological and behav-
ioral effects into monitoring schemes.
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Chapter 6
Assessing and M anaging Risk

‘The alternative to not performing risk assessment isto adopt a policy of either reducing all potentially toxic

emissions to the greatest degree technology allows or banning all substances for which there is any evidence
of harmful effect, a policy that no technological society could long survive. ”

William D. Ruckelshaus

Issuesin Science and Technology

Spring 1985

“Risk assessment has become a central focus of environmental policy in the past couple years. In part, this
is a matter of fashion. But it also arises from the real need to compare the relative importance of the vast

number of environmental threats, because it has become obvious that not all threats can receive maximum
attention.’

William K. Reilly

The Conservation Foundation
1985

“Over the past decade increasingly sophisticated methods have been developed to identify health hazards and
assess risks quantitatively. But society has yet to agree on the most critical step in risk management:
identifying risk goals and trandating them into practical regulations. Does society seek to eliminate all risks,
eliminate al nontrivia risks, all significant risks, or only those risks that are not outweighed by benefits?’
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Chapter 6
Assessing and Managing Risk

Risk assessment is the analytical process by
which the nature and magnitude of risks are identi-
fied. Risk, as it pertains to the health effects of toxic
substances, is the probability of injury, disease, or
death for individuals or populations undertaking
certain activities or exposed to hazardous sub-
stances. It is sometimes expressed numericaly (e.g.,
1in 1 million); however, quantification is not always
possible, and risk may sometimes be expressed in
qualitative terms such as high, medium, or low risk.

Risk management, a process guided by risk
assessment, and by political, social, ethical, eco-
nomic, and technological factors as well, involves
developing and evaluating possible regulatory ac-
tions and choosing among them (15). The four
components of risk assessment and the process of
risk management are summarized in figure 6-1 and
are discussed in more detail below. In practice, risk
assessment and risk management frequently overlap
and become difficult to distinguish (27). This is
partly because definitions such as “adverse,” “harm-
ful,” and “toxic” involve both scientific and social
judgments.

Some degree of risk is associated with almost
every aspect of modern living. For example, travel-

ing in an automobile involves a risk of accidental
death of 1in 4,000, arelatively high risk. In contrast,
the risk of being killed by lightning is 1 in 2 million.
Whether arisk is acceptable or not depends on many
factors, including benefits. Defining acceptable risk
is the task not only of scientists and regulatory
officials, but of society in general. Everyone evalu-
ates risks on a daily basis and makes individual
choices depending on experience and numerous
other factors. At times, one's perception of risk may
not be entirely logical. For example, some people are
reluctant to travel by air, even though the risk of
death associated with automobile travel is 25 times
greater (table 6-1) (13). People tend to overestimate
the number of deaths from rare, dramatic risks and

Table 6-I-Estimated Risk of Death to an individual
From Various Human-Caused and Natural Accidents

Accident Risk
Automobile . ... 1in 4,000
DrOWNING . . .o oe et et 1in 30,000
Airtravel . ... 1in 100,000
Lightning . . ... oo 1in 2.000.000

SOURCE: C.D. Klaassen, “Principles of Toxicology,” Casarett and Doull’'s
Toxicology, C.D. Klaassen, M.O. Amdur, and J. Doull (ads.)
(New York, NY: Macmillan, 1986).

Figure 6-I-The Relationship Between Risk Assessment and Risk Management
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underestimate the number from common, undramatic
causes (6). For example, public perception of the
annua death rates from floods or tornadoes are
typically overestimated, while the risk from smok-
ing or drinking alcoholic beverages is typically
underestimated (6).

Risk assessment practices are the subject of
ongoing debate within the regulatory and scientific
communities, and in the last two decades strategies
for regulating toxic substances have changed con-
siderably. In the early 1970s, environmental legisla-
tion focused on regulating a relatively small number
of pollutants of known toxicity. Today, concern is
focused on thousands of toxic substances, for many
of which little information is available. Conse-
guently, regulatory strategies have changed. This
change has been forced in part by improved methods
of detecting toxic substances in the environment,
improved capability of identifying the adverse
effects of those substances, and difficulty in deter-
mining threshold levels below which no adverse
effects occur. A major question facing both regula-
tors and the public is how much risk is acceptable.
A wide variety of views has been expressed on the
topic of acceptable risk (4,6). A risk of death of less
than 1 in 100,000 (10°) to 1 in 1 million (10°) is
sometimes considered an acceptable risk for expo-
sure to achemical (13).

Policies regarding risk assessment have been
controversial. Some people believe that Federal
agencies overestimate risk by making overly conser-
vative assumptions in developing risk assessments.
Others fed that risk assessment practices do not take
into account the complex interactions of multiple
pollutants that often occur in the environment. Still
others point out that risk assessments focus primar-
ily on adverse effects on human health and devote
little attention to other organisms and the environ-
ment in general. Critics of established risk assess-
ment procedures believe that too little attention is
being paid to the potentia effects of toxic substances
on children, infants, and the unborn, and efforts to
address these concerns are under way at regulatory
agencies. Regardless of the various viewpoints, risk
assessment has become an integral component of
regulatory strategies, and it is important to appreci-
ate the scientific issues underlying this process in
order to understand how toxic substances are con-
trolled (6).

illustrated by: Ray Driver

In this chapter, the basic principles of risk
assessment as they relate to the neurotoxicity of
industrial chemicals are described. The risks posed
by pharmaceuticals, for example, are typically
evaluated through other approaches. The Environ-
mental Protection Agency (EPA) has actively pur-
sued regulatory strategies based on risk assessment
(17), and the National Research Council (NRC) of
the National Academy of Sciences has examined the
issue of evaluating the risk posed by neurotoxic
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substances. The reader may wish to refer to the NRC
report for further information on this subject (16).

RISK ASSESSMENT

A complete risk assessment comprises four steps:
hazard identification, dose-response assessment,
exposure assessment, and risk characterization (15).
Each of these is discussed in the sections that follow.

Hazard | dentification

Hazard identification involves gathering and eval-
uating toxicity data on the types of injury or disease
that may be produced by a substance and on the
conditions of exposure under which the injury or
disease may be produced. Toxicity data typically
derive from epidemiological and experimental ani-
mal studies. Hazard identification involves judg-
ments about the quality and relevance of these data.
Of special importance is the question of whether
specific toxic effects observed in one human popula-
tion or in a particular experimental setting are likely
to be produced in populations for which such data
have not been or cannot be collected.

The most relevant toxicity data for identifying
human hazards are usually derived from studies in
humans. However, such information is often un-
available or limited and can be obtained only after
human exposure has occurred. Consequently, it has
become common practice to rely on data from
animal studies to assess the toxic properties of
chemicals. As discussed in chapter 5, a substantial
body of evidence indicates that results from animal
studies, with appropriate adjustments and qualifica-
tions, can be used to infer human hazard (1 3). There
are important exceptions to this generalization, but
unless existing data on human toxicity convincingly
contradict a specific finding in animals, or there are
other physiological reasons to consider certain types
of animal data irrelevant to humans, the assumption
is generally made that animal toxicity data can be
used to identify potential human hazards (8).

The hazard identification section of arisk assess-
ment report typically includes an evaluation of all
available toxicity data to identify those adverse
effects that are best documented and those that are
most relevant to human health. In most cases, the
toxic effects causing greatest concern are those
that are most severe, occur at lowest exposures,
and persist after exposure ceases.

A complete hazard identification also includes a
discussion of the limitations of the available data.
The absence of relevant data cannot, of course, be
taken as evidence that a particular substance does
not pose a hazard.

Dose-Response Assessment

In the second step of risk assessment, assessors
derive the quantitative relationship between expo-
sure to a substance, usually expressed as a dose, and
the extent of toxic injury or disease. There may be
more than one relationship per substance, because
several different kinds of responses may be dicited.

For any given chemical and exposure route, the
severity and frequency of an effect generaly in-
crease with dose. Because humans are typically
exposed at lower doses than those used in toxicity
studies, it is necessary to extrapolate dose-response
relations. At present, there are differences between
dose-response extrapolations for noncarcinogenic
types of toxicity, such as neurotoxicity, and for
carcinogenicity. Noncarcinogenic effects are gener-
ally assumed to occur only when a certain level of
exposure has been exceeded. This level is referred to
as the threshold. It is frequently assumed that most
carcinogens pose some risk at any level of exposure.
However, the assumption that there is a threshold for
al neurotoxic substances is questioned by some
scientists (21).

The dose-response evaluation for noncarcinogens
is derived from observations of a no observed effect
level (NOEL) or no observed adverse effect level
(NOAEL) in exposed people or experimental ani-
mals (figure 6-2). The NOAEL or NOEL represents
an approximate threshold for the group that has been
studied. The NOEL is that dose at or below which no
biologica effects of any type are noted (a determina-
tion that is influenced by the sensitivity of analytical
techniques), and the NOAEL is that dose at or below
which no harmful effects are seen. As noted earlier,
definitions of “harmful” effects are influenced by
social norms and values. If more than one effect is
seen in animal tests, the effect occurring at the
lowest dose in the most sensitive animal species and
sex is generally used as the basis for estimating a
NOEL or NOAEL. The NOAEL is most commonly
used in current neurotoxicological evaluations.

Experimental studies are often conducted using
relatively high doses of a chemical to increase the
probability of observing effects in small groups of
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Figure &2—Hypothetical Placement of a No Observed
Effect Level (NOEL) and No Observed Adverse Effect
Level (NOAEL) for a Single Chemical on a
Dose-Response Curve

Percent responding

\
‘Effects, but biological “
relevance unknown _—

Adverse effects

NOEL NOAEL
Dose

SOURCE: Office of Technology Assessment, 1990.

animals. Human exposures tend to be in low doses,
where responses are not generaly directly observa-
ble. Therefore, in moving from laboratory exposures
to human exposures, it is usually necessary to
extrapolate from high dose-responses to low dose-
responses. Extrapolations are also necessary to
adjust for differences between animals and humans
with regard to conditions of exposure and certain
physiological factors, such as size, lifespan, metabo-
lism, brain maturation rate, and absorption. Adjust-
ments are also made for variations in sensitivity
among individuals in a population (intraspecies
differences) (15). Some of these extrapolations and
adjustments take the form of safety factors; these are
discussed in more detail in the risk characterization
section of this chapter.

Exposure Assessment

The next step in risk assessment is determination
of the extent and nature of human exposure (includ-
ing source, route, dose, and duration). An assess-
ment of subgroups in the population expected to
experience unusual exposures is also appropriate
(15).

Exposure can occur from many sources (e.g., soil,
food, air, or water) and may enter the body by several
routes, including ingestion, inhalation, or contact

with skin. It is important to note that an individual
may incur exposures from more than one source or
route. Determination of environmental concentra-
tions and means of human exposure, route of entry,
site of the exposed population, and uncertaintiesin
exposure estimates are important factors in exposure
assessment. The degree of exposure to some toxic
substances is strongly influenced by occupation. For
example, industrial workers may be exposed to high
concentrations of some chemicals that the public
may encounter at much lower levels.

Duration refers to the period of time over which
individuals are exposed. An acute exposure is
generally a single exposure that occurs over a short
period of time. An exposure is considered chronic
when it occurs over extended periods of time or a
substantial portion of a person’s lifetime (see ch. 5).
Exposures of intermediate duration are called sub-
chronic. Chronic and subchronic exposures may be
episodic (occurring at various intervals) or continu-
ous (occurring over extended periods).

The pattern of exposure-the dose, duration,
frequency, and route—is an important determinant
of risk. Other concerns include knowledge of the
age, sex, health status, and presence 