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PREFACE vii

Preface

There is convincing evidence that chemicals in the environment can alter the function of the nervous
system. The number of people afflicted with neurotoxic disease can only be estimated, because the number of
neurotoxic substances is unknown but probably plentiful, and the effects on the nervous system are many and
varied. Despite increasing attention to neurotoxicity in recent years, much work still needs to be done.

The Board on Environmental Studies and Toxicology of the National Research Council's Commission on
Life Sciences convened the Committee on Neurotoxicology and Models for Assessing Risk. Support was
provided by the Agency for Toxic Substances and Disease Registry of the U.S. Public Health Service. The
charge to the committee was to 1) assess the biologic bases of neurotoxicity with regard to establishing
underlying principles relevant to risk assessment and extrapolation across species; 2) review existing models and
indicators of neurotoxic action and disease, including structure-activity relationships, with respect to their
efficacy in identifying neurotoxicants from environmental, occupational, and other potential sources; and 3)
develop critical hypotheses for future research in neurotoxicology, particularly research that will lead to models
for assessing the risks of neurotoxic disease. Committee members represented the breadth of disciplines involved
in environmental neurotoxicology. Their expertise served the committee well as it endeavored to meet its charge.

The committee met seven times over 2 years. It focused on the magnitude of the problem, the use of
biologic markers, neurotoxicity testing, surveillance and epidemiology, and risk assessment. This report presents
the views of the committee members, and the conclusions and recommendations reflect the committee's
deliberations. The committee concluded that research is needed to improve understanding of the mechanisms of
neurotoxic action and the extent of neurotoxic disease. The committee encouraged the development of a
coherent, tiered testing strategy and the improvement of surveillance programs.

The committee acknowledges the tireless efforts of those without whom the report would never have been
completed. The committee thanks Hugh Tilson for his expertise and insight. The committee also acknowledges
NRC staff for their work in organizing and managing this undertaking. Devra Davis was instrumental in
conceptualizing the study initially. James Reisa, director of the Board on Environmental Studies and Toxicology,
provided much welcomed guidance and encouragement. In addition to his contributions as program director,
Richard
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PREFACE viii

Thomas served as interim project director and gave invaluable support to the committee and staff. The
committee thanks senior staff officers Andrew Pope and Mary Paxton for their work in the formative stages of
the committee process and in helping with early drafts of the report, and Kathleen Stratton for seeing the report
through its final stages. The committee recognizes the tireless efforts of Anne Sprague of the Toxicology
Information Center and Linda Leonard, project assistant. Norman Grossblatt and Lee Paulson served as editors.

On behalf of the committee, I thank all who assisted in completing this report.

Philip J. Landrigan, Chairman

Committee on Neurotoxicology and Models for and Assessing Risk
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EXECUTIVE SUMMARY 1

Executive Summary

The recognition that exposure to chemicals can cause neurologic injury evolved from studies of acute
illnesses in people exposed to high doses of environmental toxicants. These illnesses included encephalopathy in
children who ate chips of lead-based paint; blindness in persons who consumed wood alcohol (methanol); and
coma, convulsions, and respiratory paralysis after exposure to organophosphorus pesticides. Epidemics of
neurotoxic diseases related to environmental exposures have occurred: blindness and ataxia caused by organic
mercury in fish from Minamata Bay, Japan, and in fungicide-treated grain in Iraq; spinal-cord degeneration and
peripheral neuropathy caused by tri-o-cresylphosphate (TOCP) in cooking oil in Morocco; and tremors, motor
disturbance, and anxiety caused by the pesticide Kepone (chlordecone) in Hopewell, Virginia. In all, these
epidemics affected thousands of people and established clearly that toxic chemicals in the environment' can
cause neurologic and psychiatric illnesses.

In response to a request from the Agency for Toxic Substances and Disease Registry, the National Research
Council convened the Committee on Neurotoxicology and Models for Assessing Risk in 1988. The committee,
charged to review the biologic principles and mechanisms of neurotoxic action relevant to risk assessment,
produced this report, which discusses the magnitude of the problem of neurotoxic effects, testing strategies,
surveillance efforts, biologic markers, and risk assessment.

MAGNITUDE OF THE PROBLEM

Neurotoxicity caused by environmental toxicants results in a range of neurologic and

! "Environment" is defined broadly in this document to encompass a wide range of external factors that can cause injury,
including diet, ethanol, tobacco, drugs, and occupational exposures, as well as toxic contaminants in what are ordinarily
considered components of the ambient environment—air, water, and soil. "Neurotoxicity" is defined as the capacity of
chemical, biologic, or physical agents to cause adverse functional or structural changes in the nervous system.

Copyright © National Academy of Sciences. All rights reserved.
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EXECUTIVE SUMMARY 2

psychiatric disorders. Concern over the potential neurotoxic effects of chemical substances is greatest for agents
that cause irreversible or progressive changes. In addition to immediate and progressively developing effects,
there is increasing evidence that neurotoxic effects can occur after long latent periods. It is postulated that
intervals as long as many decades can elapse between exposure to a chemical and the appearance of neurologic
illness.

A major unanswered question—indeed, a central issue confronting neurotoxicology today—is whether the
causal associations observed in epidemics of neurotoxic diseases reflect isolated events or are merely the most
obvious examples of a widespread association between environmental chemicals and nervous system
impairment. Concern about subclinical neurotoxicity has brought this issue to its current prominence. Subclinical
toxicity refers to exposure-induced adverse effects that are too small to produce signs and symptoms evident in a
standard clinical examination. Subclinical neurotoxic effects can include alteration of a wide spectrum of
behaviors. Environmental chemicals associated with subclinical neurotoxicity include lead, organophosphorus
pesticides, some chlorinated hydrocarbons, some solvent mixtures, and mercury. Those are chemicals to which
many thousands of Americans are regularly exposed at work and to which even more are exposed in smaller
doses in the general environment. Although often subtle, subclinical neurotoxic effects are not necessarily
inconsequential; moreover, even subtle alterations can be irreversible. It has been hypothesized that an undefined
fraction of chronic neurologic and psychiatric illness in the human population can be exacerbated or even caused
by chronic, low-level exposure to environmental neurotoxicants.

The committee recommends that more accurate estimates of the extent of the problem of neurologic
and psychiatric dysfunction attributable to chemical agents in the environment be developed.

The estimates must be based on a combination of clinical, epidemiologic, and toxicologic studies coupled
with the techniques of quantitative risk assessment.

NEUROTOXICITY TESTING

The general reason to test substances for neurotoxicity is to identify neurotoxic potential before the
occurrence of human exposure. The ultimate goal is to prevent human disease. About 70,000 chemicals are used
in commerce, of which several hundred are known to be neurotoxicants. However, except for pharmaceuticals,
less than 10% of the chemicals in commerce have been tested at all for neurotoxicity, and only a handful have
been evaluated thoroughly. Furthermore, resources are not readily available to undertake across-the-board testing
of all chemical substances already in commerce.

New strategies for neurotoxicologic assessment of environmental chemicals will need to include
establishing testing priorities among chemicals for hazard identification (with emphases on new chemicals,
chemicals considered likely to be hazardous, and chemicals to which large numbers of people are exposed). The
new strategies will also require refining existing neurotoxicity test systems and developing sensitive, new testing
systems. To contain the labor and resource requirements of the testing strategy, developing quicker and more
economical approaches than are currently used must be encouraged, particularly for screening for potential
neurotoxicants.

A new strategy for neurotoxicologic assessment will build on and extend currently available test systems. It
will have a "tiered" structure—decisions to test chemicals at the higher tiers, as well as decisions concerning
types of testing, will be guided by data from the initial, or screening, tier. The first tier, or screen, will be used for
hazard identification. The results of the screen and a chemical's exposure pattern would guide further
characterization of dose-response relationships

Copyright © National Academy of Sciences. All rights reserved.
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EXECUTIVE SUMMARY 3

(second tier) and mechanisms (third tier).

No existing validated system satisfies all the necessary requirements for a screening program to detect the
neurotoxic potential of chemicals. The range of such a program should extend to the detection of
neurodevelopmental effects and effects on cognitive function and of neuroendocrine effects. No comprehensive
effort has been made to determine the predictive ability of individual screening tests by examining the
relationship between test results and data from long-term studies in animals or epidemiologic and clinical studies
in humans.

The screening tier will consist of a set of tests to measure multiple end points—including chemical,
structural, and functional changes—and a functional observational battery. Determination of the component tests
of the first tier is the most crucial aspect of the three-tiered approach, because truly positive substances will not
continue to later tiers unless detected at this point. The first tier is the heart of the screening aspect of
neurotoxicity testing; the later tiers might produce data of great value in advancing understanding of neurotoxic
processes and how the nervous system operates, but the first tier is the first line in preventing neurotoxic disease.

Much of the controversy over proper testing procedures arises from two intrinsically conflicting objectives—
minimizing the incidence of false positives (substances incorrectly identified as hazardous) and minimizing the
incidence of false negatives (substances incorrectly identified as nonhazardous). Too high an incidence of false
positives wastes resources. However, a high incidence of false negatives is potentially dangerous. For the
prevention of human disease, testing systems must be highly sensitive. Testing in the second and third tiers of
future test systems should expose false positives; the abandonment of an occasional new chemical on the basis of
what are actually false-positive screening results is the likely cost of this process.

The committee recommends that a rational, cost-effective neurotoxicity testing strategy be adopted.

It should allow an accurate and efficient progression from the results of hazard-identification studies
(screening) to the selection and application of appropriate test methods for defining mechanisms of toxicity and
for quantitative characterization of neurotoxic hazards.

A coherent testing strategy would incorporate a series of checks and balances. The results of the later phases
of testing would provide the data necessary to evaluate and validate initial screening batteries and thereby help to
identify tests that should be excluded from or incorporated into an efficient battery. Information generated by
such a strategy would reveal which types of data are most useful for accurate, quantitative prediction of the risks
to humans associated with exposure to similar chemical compounds.

Tests of neurotoxicity on chronically exposed animals might be carried out in conjunction with tests of
other chronic effects. Such testing might identify toxic effects of substances not previously known to be
neurotoxic. There is a particular lack of data on chronic and long-latency neurotoxic effects.

The committee recommends that for reasons of efficiency, integrative studies combining a variety of
end points be explored in the development of the neurotoxicity testing strategy.

To maximize detection of toxicity, some toxicity studies encompassing the full life span of experimental
animals should be encouraged.

Data are needed on the influence of dose, route of exposure, toxicokinetics, metabolism, and elimination on
the effects of a given neurotoxicant, and data are needed on the existence of interspecies differences. More
complete understanding of neurotoxic disease at a molecular level should also improve the ability to evaluate
new chemicals

Copyright © National Academy of Sciences. All rights reserved.
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EXECUTIVE SUMMARY 4

on the basis of structure-activity relationships. Existing in vitro test methods should be exploited more efficiently
than at present to identify and analyze the mechanisms of neurotoxic action at cellular levels. Development of a
mechanistic understanding of neurotoxicity might facilitate the discovery of biologic markers of exposure to
toxicants, as well as markers of early, subclinical neurotoxic effects.

The committee recommends that studies to define mechanisms of neurotoxicity in as much detail as
possible be encouraged, as well as studies to identify hazards.

A program needs to be undertaken to test the relationship between in vitro and in vivo findings and between
animal and human results for a set of well-defined substances.

SURVEILLANCE AND EPIDEMIOLOGIC STUDIES IN ENVIRONMENTAL
NEUROTOXICOLOGY

Epidemiologic and clinical studies of populations exposed to potentially neurotoxic chemicals are needed to
provide additional information on the human neurotoxic effects of environmental chemicals and to complement
in vitro and animal screening studies. High-risk populations must be identified and monitored. Public-health
surveillance systems to identify people who are potentially exposed to environmental neurotoxicants are not well
developed, and there is little information on the background incidence and prevalence of the major neurologic
diseases in the American population. People with diagnosed neurologic illnesses must be studied to identify
possible environmental etiologies and to complement and extend the knowledge gained through in vivo and in
vitro laboratory investigations.

Recognition of the neurotoxic effects of exposure to environmental chemicals through epidemiologic and
clinical studies is made difficult by the enormous variety of the possible reactions of the nervous system to toxic
insult. The changes are often subtle and subclinical, and months or years can elapse between exposure to a
neurotoxicant and the appearance of dysfunction or disease. Few attempts have been made to explore the
possible relationships between chemical exposures and chronic or progressive neurologic and behavioral
disorders. Populations known to be exposed to potential neurotoxicants should be followed for long periods in
prospective studies, and retrospective studies of people with neurologic illness must consider the possibility that
exposures occurred many years previously. Epidemiologic studies will increasingly need to use biologic markers
of exposure, of effects, and of susceptibility.

The committee recommends that exposure-surveillance systems cover a much broader range of
chemicals and use improved monitoring techniques for long-term assessment.

Existing disease-surveillance systems, such as those of the Social Security Administration, the Department
of Veterans Affairs, and the National Center for Health Statistics, should be modified to provide more useful
data on the incidence and prevalence of chronic neurologic and psychologic disorders, some of which are likely
to be of occupational and environmental origin. A broader range of neurologic disease end points should be
covered by surveillance programs. Anecdotal reports of neurotoxicity in humans need to be pursued vigorously
with clinical surveillance and followup. The incorporation in surveillance systems of the concept of sentinel
health events (SHEs) specifically for neurotoxic illnesses should be encouraged.

Recognition of the possible environmental origin of neurologic and psychiatric disease is hampered by the
inadequate training of most physicians and other health providers

Copyright © National Academy of Sciences. All rights reserved.
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EXECUTIVE SUMMARY 5

in occupational and environmental medicine. Greater uniformity in disease definition would improve
identification of diseases of neurologic interest.

The committee recommends that improved disease reporting be supported by the dissemination of
information on neurotoxic illnesses to physicians and other health professionals to increase their
awareness of environmental neurotoxicity as a possible explanation of specific illnesses or sets of symptoms.

All physicians should be trained to take a thorough occupational-exposure history and to be aware of other
possible sources of toxic exposure, such as hobbies and self-medication. Uniform clinical definitions of
neurotoxic disorders are needed to provide a common basis for reporting by physicians. Standardized national
reporting systems must be established for physicians to report outbreaks of suspected environmentally and
occupationally caused neurologic and psychiatric disorders.

BIOLOGIC MARKERS IN ENVIRONMENTAL NEUROTOXICOLOGY

As recently defined by a previous NRC committee, biologic markers are measures of changes or variations
in biologic systems or samples. It is useful to classify biologic markers into three types: markers of exposure, of
effect, and of susceptibility. A biologic marker of exposure in an organism is a measurable presence of an
exogenous substance, its metabolite, or the product of its interaction with some target molecule or cell. A
biologic marker of effect is a measurable biochemical, physiologic, or other alteration within an organism that,
depending on magnitude, can indicate potential or established disease. A biologic marker of susceptibility is an
indicator of an inherent or acquired variation in an organism's ability to respond to the challenge of exposure to a
specific substance.

Biologic markers provide a means to explore the relationship between exposures and effects. By virtue of
the incorporation of more relevant information about critical events and molecular mechanisms, biologic markers
contribute to a more complete scientific understanding of toxic injury. Biologic markers can be used to improve
sensitivity, specificity, and predictive value of detection and quantification of adverse effects at low dose and
early in exposure. Neuroscience and neurotoxicology can be enhanced by directing more research attention to
quantitative questions that information on biologic markers helps to answer.

The committee recommends that putative biologic markers in animal species be evaluated and
validated in in vivo and in vitro systems.

Biologic markers should be regularly incorporated into epidemiologic and clinical studies of neurologic
disease, particularly prospective studies. The primary goal of the incorporation of biologic markers into such
studies should be to validate their predictive accuracy and to test hypothesized quantitative relationships between
specific markers related to causal pathways involving neurotoxic outcomes.

NEUROTOXICITY RISK ASSESSMENT

Risk-assessment techniques provide a means for estimating the risks to humans associated with exposure to
toxic chemicals in the environment. The estimation of the risks most often involves extrapolation from high
experimental doses used in animal tests to lower environmental doses. Numerous assumptions are typically made
to bridge gaps in the available scientific data. Most

Copyright © National Academy of Sciences. All rights reserved.
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EXECUTIVE SUMMARY 6

risk-assessment procedures have focused on cancer as an end point, and techniques for assessing other types of
risk are relatively undeveloped. Commonly used paradigms for risk assessment do not accurately or adequately
model the risks associated with exposure to neurotoxicants. Virtually all neurotoxicologic risk assessment today
is limited to qualitative hazard identification and to the early stages of hazard characterization; neither sufficient
data nor adequate paradigms are available to permit quantitative evaluation of most neurotoxic risks.

Risk-assessment techniques that incorporate more quantitative information about dose-time-response
relationships and mechanisms of neurotoxicity are under development. Advances in this regard will improve not
only the assessment of risk, but also assessment of the benefits to be gained by reducing human exposure to
specific neurotoxic agents. The construction of new models for neurotoxicologic risk assessment depends on the
acquisition of new knowledge of the fundamental mechanisms of action of chemical toxicants on the human
nervous system. The molecular and subcellular mechanisms by which environmental neurotoxicants act need to
be delineated. Such information will improve prediction and quantification of risks, including risks that become
evident only long after exposure.

Neurotoxicologic risk assessment has been largely limited to the application of no-observed-effect levels
and uncertainty factors, so it has not generated information on specific risks for given magnitudes of exposure.
Experiments should include a range of doses that spans those relevant to expected human exposures. In addition
to providing a firmer basis for estimating human risk, such designs permit tests of the assumption that results
obtained at high doses predict the pattern of effects at low doses. Such variables as age, sex, duration of
exposure, and route of exposure need to be more systematically evaluated. Species-specific effects need to be
recognized and investigated. The usefulness of that kind of information for quantitative risk assessment would be
greatly amplified by serial measures of both neurotoxic end points and biologic markers. A single model will not
be adequate for all conditions of exposure, for all end points, or for all agents. It might be necessary to build risk-
assessment models to deal simultaneously with several end points produced by a toxicant. Such models should
incorporate biologic markers of neurologic dysfunction and be based on fundamental information on
mechanisms derived from experimental test systems and epidemiologic data.

The committee recommends the development of risk-assessment methods that capture the
complexities of the neurologic response, including dose-time-response relationships, multiple outcomes,
and integrated organ systems.

Experimental designs for studies of neurotoxic agents should provide information needed in the risk-
assessment process. Full exploration of relationships and development of risk assessment models would be
facilitated by original researchers' making complete data sets available to other investigators.

For the future, one of the major challenges for neurotoxicology will be to use insight from clinical
medicine, epidemiology, and toxicology to design effective systems for the prevention of neurotoxic disease in
the American public.

Copyright © National Academy of Sciences. All rights reserved.
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INTRODUCTION: DEFINING THE PROBLEM OF NEUROTOXICITY 9

1

Introduction: Defining the Problem of Neurotoxicity

NEUROLOGIC RESPONSES TO ENVIRONMENTAL TOXICANTS

The human nervous system coordinates behavior; in perceiving and responding to external stimuli, it is
responsible for mediating communication with the external environment; and it coordinates the activities of all
other organ systems and thus plays an essential role in maintaining metabolic balance. The consequences of
damage to the nervous system can be profound. Massive injury can result in coma, convulsions, paralysis,
dementia, and incoordination. Even slight nervous system damage can impair reasoning ability, cause loss of
memory, disturb communication, interfere with motor function, and impair health indirectly by reducing
functions, such as attention and alertness, that ensure safety in the performance of daily activities.

Despite the nervous system's compensatory and adaptive mechanisms, many kinds of injury to the nervous
system are irreversible, because, after initial development, new nerve cells are not formed; resulting losses of
function can be permanent, as well as debilitating. Effects that are difficult to detect in an individual, such as a 5-
point decline in intelligence quotient (IQ), are of great concern if they occur throughout large portions of a
population. Prevention of damage to the nervous system is a major objective of social policy, medicine, and
public health.

"Neurotoxicity" is the capacity of chemical, biologic, or physical agents to cause adverse functional or
structural change in the nervous system. We use the term "environmental neurotoxicity" to refer broadly to
adverse neural responses to exposures to all external, extragenetic factors (e.g., occupational exposures, lifestyle
factors, and exposures to pharmaceuticals, foods, and radiation); it does not refer merely to the toxic effects of
chemicals that are present in the environment as contaminants of air, water, and soil. Table 1-1 lists compounds
for which there is evidence of neurotoxicity.

Possible effects of chemical toxicants on the nervous system are varied. For example, Table 1-2 lists
neurobehavioral symptoms that—according to clinical reports, epidemiologic investigations, and experimental
studies—are caused in humans or animals by at least 25 chemicals (Anger and Johnson, 1985; Anger, 1986).
Neurotoxicity can occur at any time in the life cycle, from gestation through senescence, and its manifestations
can change with age. The developing nervous system appears to be particularly vulnerable

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 1-1 Partial List of Neurotoxicants

Acetone

Acetonitrile
Acrylamide
Adriamycin

Aliphatic hydrocarbons
Alkanes

Alkyl styrene polymers
Aluminum

Ammonia

N-Amyl acetate
Aniline

Antimony sulfide
Aromatic hydrocarbons
Benzene

Butanol

Butyl acetate
Cadmium

Carbon disulfide
Carbon monoxide
Carbon tetrachloride
Chlordane
Chlordecone

Chlorinated hydrocarbons

Chlorobenzene
fS-Chloroprene
Chromium oxides
Cresol
Cyclohexanol
Cyclohexanone
Diacetone alcohol
o-Dichlorobenzene

Dichlorodifluoromethane

1,2-Dichloroethane
Dichloromethane

Dichlorotetrafluoroethane

Dicylcopentadiene

Dimethylaminopropionitrile

Dinitrobenzene
Diphenylamine
Dyes

Ergot

Ethanol

Ethyl acetate
Ethylene glycol

Excitatory amino acids
Formaldehyde

Glycerol

Gold salts

Hexane
2,5-Hexanedione

Lead and lead-containing compounds
Isophorone

Lithium grease
Manganese

Mercury and mercury-containing compounds Methanol
Methanol

Methyl acetate

Methy] nitrite
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
1-Nitrophenyl-3-(3-pyridylmethyl) urea
Nitrous oxide
6-OH-Dopamine
Organophosphates
Oubain

Ozocerite

Petroleum distillates
Pine oil
Polymethacrylate resin
Products of combustion
1-Propanol

Propylene gylcol
Pyrethroids

Ricin

Selenium

Shellac

Styrene
Tetrachloroethylene
Toluene
Trichlorobenzene
Trichloroethylene
Trichlorofluoromethane
Tricresyl phosphate
Triethyltin; trimethyltin
Tungsten oxides
Turpentine

Vincristine

Vinyl chloride

Xylene

Source: Adapted from Anger (1986).

Copyright © National Academy of Sciences. All rights reserved.
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INTRODUCTION: DEFINING THE PROBLEM OF NEUROTOXICITY 15

ingestion of Lathyrus species during famines (Denny-Brown, 1947); paralysis following consumption of
products contaminated with tri-o-cresylphosphate (TOCP), such as the patent medicine Ginger Jake in the United
States (Smith et al., 1930) and cooking oil in Morocco (Smith and Spalding, 1959); toxic psychoses in people
who inhale tetraethyl lead (Cassells and Dodds, 1946); and erethism (a syndrome with such neurologic features
as tremor and such behavioral symptoms as anxiety, irritability, and pathologic shyness) in people exposed to
elemental mercury (Bidstrup, 1964).

Numerous other associations between neurologic impairment and environmental exposures have been noted
more recently: Exposure to low concentrations of environmental lead is correlated with reduced scores on tests
of mental development (Bellinger et al., 1987a,b; Needleman, 1989); the pesticide Kepone (chlordecone) is
associated with nervousness, tremors, and other signs of nervous system dysfunction (Cannon et al., 1978); 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a byproduct of illicit synthetic-heroin production, causes an
irreversible syndrome that closely resembles parkinsonism (Langston et al., 1983); and exposure to manganese
can produce parkinsonism and dyskinesia (Cook et al., 1974). In the realm of developmental neurotoxicity, early
gestational exposure to ionizing radiation is associated with microcephaly and mental retardation (Otake and
Schull, 1984); infants born to women who use cocaine during pregnancy display significant depression of
nervous system response to environmental stimuli and other congenital anomalies (Shepard, 1989); heavy
ingestion of alcohol by pregnant women produces a syndrome of craniofacial abnormalities and mental
retardation in their children (Jones and Smith, 1973), and it is possible that there are persistent adverse effects on
mental and motor development in children whose mothers drink more moderately during pregnancy and lactation
(Little et al., 1989; Streissguth et al., 1989; West, 1990).

It has been suggested that exposures to environmental chemicals can contribute to clinical
neurodegenerative disorders seen later in life. Calne et al. (1986) have hypothesized that various environmental
agents contribute to Alzheimer's disease, Parkinson's disease, or amyotrophic lateral sclerosis (ALS) by depleting
neuronal reserves to an extent that becomes observable in the context of natural aging. For example, a syndrome
combining the symptoms of ALS and of parkinsonian dementia is prevalent among people from Guam and has
been postulated to result from earlier ingestion of one or more chemicals found in the seed of the false sago
palm, or cycad (Cycas circinalis L.) (Kurland, 1963; Spencer et al., 1987). Some epidemiologic studies have
found evidence that various environmental factors are involved in the etiology of ALS, Parkinson's disease, and
Alzheimer's syndrome (e.g., Barbeau et al., 1987; Freed and Kandel, 1988; Lilienfeld et al., 1989; Yokel et al.,
1988), but other investigations have not detected such relationships (e.g., French et al., 1985; Shalat et al., 1988).
The extent to which environmental neurotoxicants contribute to chronic neurologic and psychiatric disease is not
yet known.

The nervous system is composed of cells of several types, each with its own functions and characteristic
vulnerabilities. Several unique features of the nervous system influence its reactions to toxic agents, including its
poor regenerative capacity, its unusual anatomy (especially, long axons), its multiple functions, the extensive
interconnections among its cells, its dependence on glucose as an energy source, the existence of highly
specialized cellular subsystems, and the wide variety of highly localized neurotransmitter and neuromodulation
systems. In addition, environmental toxicants can disturb the complex interactions between the nervous system
and other organs. (Chapter 2 discusses the

Copyright © National Academy of Sciences. All rights reserved.
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INTRODUCTION: DEFINING THE PROBLEM OF NEUROTOXICITY 16

structure and function of the nervous system In some detail, including consideration of the complex neural
arrangements involved in information processing and storage.)

The accessibility of a particular part of the nervous system to a specific chemical is a function of both the
tissue and the chemical. Many chemicals are kept from entering the brain by the "blood-brain barrier"—the tight
junctions formed by endothelial cells surrounding capillaries that supply brain tissue and by endothelial cell-
astrocyte interactions. That barrier can, however, be crossed by lipophilic substances and has a series of specific
transport mechanisms through which required nutrients, hormones, amino acids, peptides, proteins, fatty acids,
etc., reach the brain (Pardridge, 1988). Thus, toxicants can gain entry to the brain if they are lipid-soluble or if
they structurally resemble substances that are normally taken up by the nervous system. Moreover, the blood-
brain barrier might be less effective in immature than in mature organisms (Klaassen, 1986). It is absent in some
parts of the brain, such as in the circumventricular area, and around the olfactory nerve, which runs directly from
the nose to the frontal cortex (Broadwell, 1989).

Some cells in the nervous system cannot reproduce themselves; once damaged, they cannot be replaced.
Many of those cells ordinarily are present in excess, so there is a buffer against damage, and substantial loss need
not affect function or behavior. However, the degree of redundancy, particularly in specific regions, is not known
and might vary with age. The presence of such excess can result in a threshold or nonlinear dose-response
relationship. Also, the interaction between exposures to neurotoxicants and age-related cell loss might explain
delays in the manifestations of toxic consequences. If several processes (e.g., chemical damage, normal aging,
and death of cells) are proceeding simultaneously, it might be impossible to isolate a single cause of functional
impairment. A long latent period before toxicity is manifested makes it difficult to associate an exposure and a
response causally and even harder to derive a quantitative dose-response relationship.

Manifestations of neurotoxic response can be progressive, with small functional deficits becoming more
serious. In those cases, it is almost impossible to define the onset of impairment. For many biologic variables
that respond to exogenous agents, the demarcation between an unimportant change and a health-damaging
change is unclear. A small change might be a marker of exposure, a moderate change might signal preclinical
disease, and a large change might indicate advanced disease.

Some materials, particularly pharmaceuticals, produce different responses in the nervous system at different
doses or have adverse side effects at therapeutic doses. For example, the tricyclic antidepressants have a desired
therapeutic activity at a low dose, but produce life-threatening anticholinergic effects at higher doses; the
antineoplastic drug cis-platinum is a valuable chemotherapeutic agent, but can cause toxic neuropathies;
antipsychotic drugs can produce disabling movement disorders; and some antibacterial agents can trigger loss of
hearing and balance (Sterman and Schaumburg, 1980). Some substances valued for their relatively selective
neuroactivity, such as ethanol, are particularly likely to have simultaneous neurotoxicity (Goldstein and Kalant,
1990).

Exposure to combinations of chemicals can produce interactive effects. Examples include exacerbated
hearing loss in persons exposed to some antibiotics (Bhattacharyya and Dayal, 1984; Lim, 1986; Boettcher et al.,
1987) and cumulative toxic effects of occupational and environmental exposures to mixtures of solvents
(Cranmer and Goldberg, 1986). The general population is exposed to chemicals with neurotoxic properties in
foods, cosmetics, household products, air, water, and drugs used therapeutically or

Copyright © National Academy of Sciences. All rights reserved.
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INTRODUCTION: DEFINING THE PROBLEM OF NEUROTOXICITY 17

recreationally. Exposure to naturally occurring neurotoxins, such as some fish and plant toxins, is yet another
aspect of the problem. The multitude of voluntary and unintentional exposures to neuroactive substances that
characterize the daily life of ordinary people complicates the task of identifying undesirable neurologic outcomes
and attributing them to their proper causes.

MAGNITUDE OF THE PROBLEM OF NEUROTOXICITY

The number of people with neurotoxic disorders and the extent of neurologic disease and dysfunction that
result from exposure to toxic chemicals in the environment are not known. However, it is known that an
enormous number of people are exposed to environmental materials that in sufficient doses could pose a
neurotoxic hazard. The National Institute for Occupational Safety and Health (NIOSH, 1977) estimated that in
1972—-1974 there were 197 chemicals to which a million or more American workers were exposed in the
occupational setting for all or part of each working day. Anger (1986), in a review of secondary sources in the
research literature, found that more than one-third of those 197 chemicals had demonstrated the potential, if the
doses were large enough, to produce adverse effects on the nervous system.

The data needed to estimate the overall magnitude of the problem of environmental neurotoxicity do not
exist. A National Research Council committee found a few years ago that few of the 60,000—70,000 chemicals in
commercial use had been tested for neurotoxicity (NRC, 1984); no information was available on any aspect of
the toxicity of approximately 80% of the chemical substances in commercial use. Even among the most
extensively regulated classes of chemicals (pesticides, drugs, and food additives), the information needed for a
thorough health-hazard assessment was available on only about 5-18%. Few compounds have been assessed for
selective toxicity to vulnerable groups within the population, such as the very young and very old. Moreover,
there is little information on the nature and extent of human exposure to even the materials that have been tested
and identified as neurotoxic. Finally, not all neurotoxic effects are equivalently damaging or debilitating; scales
of relative injury are needed, if the effects of exposures to different materials are to be evaluated in comparable
terms.

Given the overall low proportion of substances tested for any type of toxicity and the even smaller fraction
that have been assessed for possible neurotoxicity, it is difficult to estimate how many commercial and industrial
chemicals are neurotoxic. However, there is evidence that many toxic chemicals in wide use have neurotoxic
potential. Of 91 criteria documents produced by NIOSH, 36 (40%) cite neurotoxicity as a reason for
recommending limits on occupational exposure (Anger, 1989). Likewise, of 588 chemicals listed by the
American Conference of Governmental Industrial Hygienists (ACGIH) in 1982 as both widely used in industry
and having toxicologic significance, 167 (28%) had neurologic effects as one basis for recommendations on
maximal exposure concentrations (Anger, 1984). However, O'Donoghue (1986) calculated, on the basis of tests
of a small, unselected sample of chemicals, that 5% of a// industrial chemicals, excluding pesticides, are likely to
be neurotoxic. Diener (1987) noted that O'Donoghue's calculation could be an underestimate and should not be
considered a firm basis for extrapolation of risk until broader and more systematic surveys of the neurotoxicity
of chemicals in commercial use have been undertaken.

In addition to unwanted contact with pollutants or contaminants and inadvertent exposures to industrial
products, voluntary exposures to many legal and illegal materials can cause neurotoxic effects (OTA, 1984).
Overuse of the legal stimulant caffeine can lead to tremors, irritability, and sleeplessness. Exposure to the
depressant ethanol is

Copyright © National Academy of Sciences. All rights reserved.
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INTRODUCTION: DEFINING THE PROBLEM OF NEUROTOXICITY 18

responsible for many accidents on the highway and elsewhere, fetal injuries, chronic disease, and antisocial
behavior. The devastating personal and societal consequences of "substance abuse," engaged in at least initially
for psychoactive effects, have become obvious. The list of self-administered neuroactive substances is extensive,
and exposure to them makes epidemiologic identification of additional neurotoxicants difficult.

The Health Care Financing Administration of the U.S. Department of Health and Human Services has
estimated that $23 billion was spent in 1980 for the care of people with diagnosed neurologic diseases; in many
cases, these illnesses are due to accidental exposures to neurotoxicants or to use of legal drugs, rather than to use
of illegal substances (Rice et al., 1985). As has been suggested regarding lead toxicity (Provenzano, 1980; EPA,
1985), it would not be surprising if the direct and indirect societal costs of subclinical neurologic losses or deficits—
such as reduction in intelligence, diminution in achievement, and waste of opportunity—might equal or exceed
those of neurotoxic effects that are clinically recognized. Modifications of behavior induced by neurotoxic
substances can also adversely affect people other than those directly experiencing the toxic effects, as is the case
for victims of drunken drivers.

DETECTION AND CONTROL OF EXPOSURE TO NEUROTOXICANTS

Prevention is the key to dealing with neurologic diseases of toxic environmental origin. Such diseases result
from exposures to synthetic and naturally occurring chemical toxicants encountered in the ambient environment,
ingested in foods, or administered as pharmaceutical agents. Many of the diseases are not curable, so they must
be prevented. They can be prevented by eliminating or reducing exposures at the source (primary prevention), or
they can be controlled by early detection and diagnosis of neurotoxic effects while they are still reversible or
while they are at a relatively early stage of evolution when their progression can still be halted (secondary
prevention).

In light of the difficulty of regulating potentially neurotoxic compounds found in illicit substances of abuse
or in certain foods, particularly in plants, the most effective approach to preventing neurotoxic disease of
environmental origin consists of identification of neurotoxicity through routine pre-market testing of all new
chemicals before they are released and before human exposure has occurred. Disease is prevented by restricting
or banning the use of chemicals found to be neurotoxic or by instituting engineering controls and imposing
protective devices at points of environmental release and potential human exposure.

Given the current absence of data on neurotoxicity of most chemicals in commerce, an extensive program
of primary prevention through toxicologic evaluation is needed. The Environmental Protection Agency (EPA)
has regulatory authority to screen chemicals coming into commerce, but some have expressed the opinion that
the authority is insufficiently exercised and inadequately supported. Therefore, people might be overexposed to
environmental neurotoxicants and might develop neurotoxic responses to chemicals that slip through the
regulatory net. For example, important side effects of pharmaceutical agents continue to surface, such as the 3
million cases of tardive dyskinesia in patients on chronic regimens of antipsychotic drugs. Prudence dictates that
all chemical substances—both those already on the market and new ones—be considered potential
neurotoxicants; a chemical cannot be regarded as free of neurotoxicity in the absence of data on its toxicity.
Prudent public policy therefore dictates that all chemicals, both old and new, be subjected to at least basic
screening for neurotoxicity when use and exposure warrant.

Neurotoxicants can be identified by several means, ranging from clinical case reports and observations by
alert physicians to formal

Copyright © National Academy of Sciences. All rights reserved.
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INTRODUCTION: DEFINING THE PROBLEM OF NEUROTOXICITY 19

in vivo and in vitro screening. Analysis of structure-activity relationships (SARs) has been used extensively to
predict neurotoxicity, but SARs as currently used can provide only minimal guidance for hazard identification.
EPA, however, uses SARs as a basis for decisions on testing under the Toxic Substances Control Act. Testing
procedures designed for in vivo neurotoxicologic evaluation of new chemicals have been developed and are
reasonably effective, but they are tedious and labor-intensive. Additional mechanistically based in vitro test
systems are badly needed, and they must be correlated with in vivo test systems. In summary, a rational and
efficient strategy for neurotoxicity testing is needed to close the gap in neurotoxicity testing. Development of a
blueprint for such a strategy was a major objective of the study reported here.

SCOPE OF THIS REPORT

The Committee on Neurotoxicology and Models for Assessing Risk was formed at the request of the
Agency for Toxic Substances and Disease Registry to review the biologic principles and mechanisms of
neurotoxic action for the purpose of using them in risk assessment. This report deals with environmental
neurotoxicology—with the current state of the field, its implications for human health, and the prospects for its
rational future development. The committee first reviewed current knowledge of environmental neurotoxicity,
paying special attention to the types of neurologic injury caused by chemicals in the environment, to determine
the overall extent of the problem of environmental neurotoxicity. We investigated ways in which improved
biologic markers of neurotoxicity (markers of subtle and subclinical effects, of exposure to neurotoxicants, and
of susceptibility to their effects) could be developed, could improve laboratory tests, and could facilitate the early
recognition of neurotoxic injury in exposed human populations. We then considered available methods of testing
for neurotoxicity and evaluated strategies for recognizing and characterizing the neurotoxic potential of
chemicals and for detecting neurotoxic effects among environmentally or occupationally exposed humans.
Finally, we examined approaches to neurotoxicologic risk assessment.

This chapter has provided an overview of the problem of environmental neurotoxicity, described the level
of existing knowledge, and suggested broad issues for scientific research. Chapter 2 illustrates the biologic basis
of neurotoxicity by reviewing the aspects of the structure and function of the nervous system that are subject to
disruption by exogenous agents. Chapter 3 discusses biologic markers, which provide a conceptual thread
connecting human, animal, and in vitro studies. Chapter 4 considers approaches to identifying neurotoxicants
and describes available in vitro and in vivo tests that could be used to assess toxicity before human exposure has
occurred. It develops a blueprint for a multitiered program to test chemical substances for neurotoxicity, and it
lays out a plan for systematic evaluation of the results of neurotoxicity testing. Chapter 5 describes approaches to
the epidemiologic surveillance of human populations at risk of environmental neurotoxicity and outlines the uses
to which human data can be put in bringing neurotoxic exposures under control. And Chapter 6 describes current
approaches to risk assessment and discusses modifications in the risk-assessment paradigm that will be needed to
accommodate neurotoxic end points. And Chapter 7 presents the committee's conclusions and recommendations.

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC BASIS OF NEUROTOXICITY 21

2

Biologic Basis of Neurotoxicity

The nervous system is the communication and information-storage system of the body. In addition to
coordinating functions that are commonly associated with the brain, such as thinking, the nervous system plays a
major role in physiologic regulation. Virtually all physiologic functions are influenced or controlled by the
nervous system. Other systems, such as the circulatory and reproductive systems, provide information to the
nervous system, which in turn controls their functioning. The nervous system also integrates the functions of the
various organ systems. Thus, neurologic dysfunction has a major impact that goes beyond the nervous system
itself. Conversely, abnormal functioning in other systems can modify neurologic functioning.

Our abilities to act, to feel, to learn, and to remember all depend on the complex anatomic arrangements and
proper integrative functioning of the nervous system, of which we have only a rudimentary understanding. The
ultimate goal of neuroscience is to understand how this system functions normally and how subtle perturbations
can lead to disease and dysfunction. Observation of the response of experimentally exposed animals or
inadvertently exposed humans to neurotoxic chemicals advances our understanding of neurobiology while
generating information about the consequences of exposure to environmental pollutants.

The first two sections of this chapter summarize our current understanding of the nervous system. The next
section discusses several aspects of the nervous system that make it especially vulnerable to chemically induced
damage. The fourth section describes examples of neurotoxicant-induced damage of several types. A final
section summarizes the problems arising from the nature of neurobiology that must be addressed when a
substance is tested for neurotoxicity, the subject of Chapter 4.

CELLULAR ANATOMY AND PHYSIOLOGY

The nervous system is composed of two general types of cells, nerve cells (neurons) and glial cells, which
are present in approximately equal numbers. Neurons are responsible for the reception, integration, transmission,
and storage of information. They can be classified as interneurons and motor, sensory, and neuroendocrine
neurons. Motor neurons innervate and elicit contraction of muscle fibers. Sensory neurons

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC BASIS OF NEUROTOXICITY 22

monitor the organism's external and internal environments. Specialized receptors on sensory nerves convey
information regarding light, sound, muscle position, taste, and smell to the central nervous system. In many
cases, sensory neurons form the input (afferent) side of information loops in the central nervous system; the
output (efferent) side is mediated by motor fibers or by the endocrine system. Neuroendocrine neurons elicit
secretions from glandular cells. Interneurons facilitate or modulate interactions between other neurons, often in
complex feedback loops. Glial cells differ from neurons in their ability to divide throughout the organism's life,
particularly in response to injury, and in their functions (Table 2-1), which are less well understood than those of
neurons, but are believed to be largely restricted to structuring and regulating the environment surrounding the
neurons. Glial cells also play a major role in myelination.

Structure of the Neuron

A neuron (Figure 2-1) has a more or less round cell body (soma), which contains its nucleus and organelles
for protein synthesis. The diameter of the cell body of a vertebrate animal is about 10—100 um (the largest would
be roughly the size of the period at the end of this sentence). The neuron gets its distinctive appearance from its
dendrites and axon, elongated processes that emanate from the cell body. The length and branching patterns of
the dendrites vary from one type of neuron to another. Dendrites and their branches greatly increase a neuron's
surface area, and this increases the number of messages that the neuron can receive and the number of sources
from which they can come. The arrangement is analogous to the branching of a tree, which increases its
reception of sunlight by increasing its total leaf surface area.

In most neurons, the axon is a thin, particularly elongated cellular process emanating from the neuronal
soma and is specialized for the conduction of nerve signals away from the cell body and toward its synapse with
other cells (other neurons, muscle cells, or gland cells). One neuron communicates with another by releasing
chemical signals onto a small gap, or the synapse, between the tip of an axon and the dendrites or soma of its
target cell. Axons are shorter or longer, depending on the type of neuron, but an axon's length is generally tens or
thousands of times greater than the diameter of the cell body. An extreme example is the axon of a motor neuron
that innervates the

TABLE 2-1 Nonneuronal (Glial) Cells of the Nervous System and their Function

Glial Cell Type Functions
Astrocyte Repair, structural support, transport
Oligodendrocyte
Satellite Neuronal maintenance
Intermediate Potential for maintenance or myelination
Intrafasicular Myelination
Microglia Phagocytosis
Ependymal cells Service buffer between brain and cerebrospinal fluid
Schwann cells Myelination of peripheral nerves

Copyright © National Academy of Sciences. All rights reserved.
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B)

Figure 2-1 Diagrammatic representation of neuronal structure. A) The drawing illustrates the gross structure of a
neuron with its many dendrites, myelin sheath, and synaptic contact with another neuron. Source: Liebman, (1991).
B) The drawing shows structures visible at the electron microscope level. The nucleus, nucleolus, chromatin, and
nuclear pores are represented. In the cytoplasm are mitochondria, rough endoplasmic reticulum, the Golgi
apparatus, neurofilaments, and microtubles. Along the surface membrane are such associated structures as synaptic
endings, astrocytic processes, and a capillary containing a red blood corpuscle.

Source: Willis and Grossman, (1973).
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BIOLOGIC BASIS OF NEUROTOXICITY 24

muscles in the human toe. Its cell body (a fairly large one) lies in the spinal cord at the level of the middle
of the back; its axon is more than a meter long. Near its target, an axon divides into many small branches called
telodendria. Telodendria end in small enlargements called synaptic boutons, which contain the chemical
messengers that will be released to the target cell. A single axon can end in thousands or hundreds of thousands
of synaptic boutons, by which a nerve can communicate with a few or many thousands of target cells.

Many axons are insulated by myelin, the extended and modified plasma membrane of specialized glial cells.
During early development, myelin is deposited in a spiral fashion to form a sheath around the axon. Myelin is
richer in lipid than are other membranes, and several unusual lipids are found in the myelin sheath; some well-
characterized proteins are peculiar to myelin. Myelin of the central nervous system is made by oligodendrocytes
and differs from the myelin of the peripheral nervous system, which is made by Schwann cells.

The myelin sheath formed by one oligodendrocyte or Schwann cell covers only a short length of the axon;
adjacent lengths of axon are ensheathed by adjacent myelinating cells. Very short lengths of bare axon between
myelinated areas are called nodes of Ranvier. Within myelinated axons, a nerve impulse travels by jumping from
one node to the next. Compared with conduction in axons that are not myelinated, this mode of travel, called
saltation, increases the speed of impulse conduction by a factor of up to 100. In a poorly understood metabolic
dependence between a myelinated axon and its ensheathing cells, some types of injury to one cause dysfunction
in the other.

The Nerve Impulse

Two processes are involved in communication by neurons: electric (discussed here) and chemical
(discussed in the next section). Within a neuron, transmission is electric and analogous to that in a battery. The
axonal membrane is semipermeable to the positively and negatively charged ions (chiefly, potassium, sodium,
and chloride) that are in solution inside and outside the cell. In the absence of active and directed metabolic
transport, those ions would be distributed equally on each side of the axonal membrane, and the inner and outer
electrochemical potentials would be the same. However, several enzyme systems normally transport ions
actively from the inside of the axon to the outside or from the outside to the inside. As a result, the axonal
membrane separates areas of unequal electrochemical potential; i.e., it is polarized and generates a resting
potential (Davies, 1968). The situation is analogous to a flashlight battery, where an impermeable membrane (a
strip of cardboard) separates two fluids (pastes in a dry-cell battery) that contain ions of positive charge on one
side and negative charge on the other. The neuronal "battery" must be maintained by continuous active transport
of ions across the membrane.

The action potential is generated as a result of opening and closing of various ion channels in the nerve
membrane (Hille, 1984). Several types of ion channels are known, but the most common are sodium and
potassium channels, which are tiny pores that allow sodium and potassium ions, respectively, to pass through.
The action potential is propagated regeneratively along the nerve fiber without loss of amplitude. In the resting
state without stimulation, the potassium channels open and close occasionally, and the sodium channels remain
mostly closed. Therefore, the resting nerve membrane is permeable mainly to potassium, but only sparingly to
sodium. That results in the resting potential, with the cell's interior being negative with respect to the outside by
70 mV or so. On electric stimulation, however, many sodium channels start opening,

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC BASIS OF NEUROTOXICITY 25

and that makes the membrane permeable predominantly to sodium. Electric stimulation thus generates an action
potential with a peak some 50 mV more positive on the interior than the exterior of the nerve. Soon the sodium
channels start closing and the potassium channels start opening at a high frequency; this brings the membrane
potential back to the resting level. During the action potential, sodium ions enter the cell through open sodium
channels and potassium ions leave the cell through open potassium channels; the result is a slight imbalance of
the internal sodium and potassium concentrations, which is corrected quickly by a metabolic pump that extrudes
extra sodium and absorbs potassium. Thus, the cell is capable of generating many action potentials in rapid
succession.

The ion channels are the primary target sites of some toxicants and therapeutic drugs. For example,
tetrodotoxin (a puffer fish poison) and local anesthetics block the sodium channel, thereby impairing the impulse
conduction. The insecticidal pyrethroids and DDT keep the sodium channels open for unusually long periods,
making the nerve generate impulses in a hyperactive fashion.

Synaptic Transmission

When a nerve impulse reaches a terminal branch of an axon, it depolarizes the synaptic boutons. That
initiates the second type of transmission by means of the cellular release of special messenger chemicals
(neurotransmitters) that are stored in the boutons. The amount of secretion is related to the degree of
depolarization, which, in turn, is a function of the number of nerve impulses that reach a synaptic bouton. A very
narrow gap, the synapse, separates the bouton from its target cell (Figure 2-2). The released chemicals diffuse
across the synapse and attach themselves to specific receptor molecules embedded in the membrane of the target
cell. Attachment (binding) initiates one of several responses, usually involving changes in ion flux, depending on
the type of target cell and the type of messenger-receptor pair involved. For example, when the target cell is a
muscle cell, the neurotransmitter-receptor interaction leads to contraction of the muscle; when the target is a
gland cell, the interaction leads to secretion.

Synaptic transmission between neurons is slightly more complicated. Messenger molecules from the bouton
of a presynaptic (releasing) cell bind to receptors on the surface of the postsynaptic (receiving) cell; that can lead
to either excitation or inhibition of the target neuron. Neuronal cell bodies and dendrites are polarized in the
same way as the axon. At an excitatory synapse, the neurotransmitter-receptor interaction leads to a momentary
opening in ion-specific channels that produces depolarization (excitatory postsynaptic potential). At an inhibitory
synapse, a different neurotransmitter-receptor interaction leads to a momentary opening of different ion-specific
channels that produces an increase in polarization (hyperpolarization) or a small depolarization (inhibitory
postsynaptic potential). Unlike the membrane of the axon, the membrane of the cell body and dendrites does not
generate nerve impulses. Instead, the sum of all the excitatory and inhibitory postsynaptic potentials determines a
moment-by-moment average polarization that is monitored by the portion of the cell's axon adjacent to the cell
body. When the running average exceeds a threshold depolarization at the axon's initial segment, a nerve impulse
is generated and begins its electrochemical journey down the axon.

The duration of neurotransmitter action is a function primarily of the time that it remains in the synapse.
Under normal circumstances, that is a very short time (a few thousandths of a second), because specialized
enzymes quickly degrade the neurotransmitter, and, in some cases, metabolically driven re-uptake systems
rapidly scavenge

Copyright © National Academy of Sciences. All rights reserved.
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the synapse for neurotransmitter and transport it back into the synaptic bouton of the releasing cell.

post-synaptic membrane

synaptic gap

peurotransmitter stores

neurotransmitter

receptor malecules

Figure 2-2 Events in chemical synaptic transmission. A, action potential shown approaching axon terminal
containing transmitter stored in synaptic boutons. B, arrival of nerve impulse triggers release of transmitter into
synaptic gap. Transmitter diffuses across synapse and reacts with receptor molecules associated with postsynaptic
membrane. Resulting change in membrane permeability to ions, such as sodium and potassium, causes flow of
synaptic current. In this case, current flows inward through postsynaptic membrane and results in depolarization
called excitatory postsynaptic potential. Later transmitter action is terminated by enzymatic destruction, diffusion,
or re-uptake. Source: Willis and Grossman (1973).

Synaptic Messengers

Several dozen neurotransmitters are known, and more are discovered every year. (A partial list is given in
Table 2-2.) A given neuron can synthesize and release a single neurotransmitter or, in the case of peptidergic
neurons, several neurotransmitters. Similarly, a neuron can contain receptors for and be influenced by several
neurotransmitters.
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BIOLOGIC BASIS OF NEUROTOXICITY 27

TABLE 2-2 Neuron Type Classified by Neurochemical Released for Synaptic Transmission

Neuron Type Neurotransmitter

Cholinergic Acetylcholine

Excitatory amino acid ~ Glutamate, aspartate

Inhibitory amino add v-Aminobutyric acid (GABA), glycine

Catecholaminergic Dopamine, epinephrine, norepinephrine

Sertoninergic Sertonin

Peptidergic Substance P, enkephalins, endorphins, neurotensin, carnosine, angiotensin II, pituitary
hormones and their hypothalmic controlling factors

Other Histamine, taurine, proline, N-acetyl-L-aspartate, serine, octop amine, p-tyramine, N-acetyl

serotonin, tryptamine, purine, 5S-methoxytryptamine, pyrimidine derivatives

Research on the functions of the multitude of synaptic messengers is one of the most active fields in
neuroscience today. Although not all the details are known, one conclusion is clear: neurons communicate by a
complex code that involves a large number of chemicals and exquisitely specific chemical interactions.

GENERAL ASPECTS OF NERVOUS SYSTEM STRUCTURE AND FUNCTION

The nervous system has two parts: the central nervous system (CNS) and the peripheral nervous system
(PNS). The CNS comprises the brain and the spinal cord. The PNS is composed of nerve cells and their
processes that lie outside the skull and vertebral column. The nerve cells of the PNS are generally found in
aggregates called ganglia. The neurons of the CNS are often segregated into aggregates called nuclei. Various
nuclei are functionally related to one another to constitute levels of organization called systems; thus, we speak
of the motor system, the visual system, and the limbic system.

The cells of the nervous system are organized in networks of increasing evolutionary complexity. In
anatomic terms, the most primitive level is the spinal cord, wherein responses to sensory signals are virtually
instantaneous; such responses are called reflexes. Spinal-cord functions tend to have been conserved in
evolution, so the system in lower vertebrates resembles that in humans. The oldest regions of the brain regulate
involuntary activities of the body, such as breathing and blood circulation, and exert much of their influence via
the reflexes of the spinal-cord. The brain stem—which comprises the medulla, pons, and mid-brain—has
functions related primarily to motor and sensory activities of the head and neck, including hearing, balance, and
taste. The diencephalon is composed of the thalamus and the hypothalamus. The thalamus processes most
information from the rest of the nervous system on its way to the cerebral cortex, and the hypothalamus regulates
autonomic, endocrine, and visceral integration. The basal ganglia assist the cerebral cortex

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC BASIS OF NEUROTOXICITY 28

with motor functions. The cerebral cortex, the most highly evolved level, is a vast information-storage and-
retrieval area.

In addition to its role in such functions as perception and learning, the nervous system has a critical role in
controlling the body's endocrine glands. That control is concentrated in several small nuclei at the base of the
brain that are known collectively as the hypothalamus. Nerve cells in the hypothalamus secrete chemical
messengers into a short loop of blood vessels that carries them to the pituitary, the body's master gland. The
pituitary, in turn, releases chemical messengers into the general circulation. The pituitary messengers regulate
other glands, such as the thyroid, the adrenals, and the gonads. The entire system maintains homeostasis, i.e., a
regulated state of optimal physiologic functioning or regular cycling throughout the body.

Metabolism

The CNS has a very high rate of metabolism. In an average adult human, the weight of the brain (about 3
1b) is approximately 2% of total body weight. But its energy demands are so great that it receives about 14% of
the heart's output and consumes about 18% of the oxygen absorbed by the lungs (Milnor, 1968). Unlike other
organs, the brain depends almost entirely on glucose as a source of energy and as a raw material for the synthesis
of other molecules (Damstra and Bondy, 1980). The CNS depends critically on an uninterrupted supply of
oxygen and on the proper functioning of enzymes that metabolize glucose. Other tissues (muscle, for example)
have alternative sources of energy and can survive for a relatively long time when the circulation is
compromised, but nerve cells usually begin to die within minutes.

Blood-Brain Barrier

With few exceptions (e.g., proteins), substances that are carried in the bloodstream can pass from capillaries
to surrounding extracellular fluid (in nearly all regions of the body). That is not true in the central nervous
system (Betz et al., 1989). The cells that form the walls of capillaries in the CNS abut one another with unusually
tight junctions. Those tight junctions, and perhaps other cells that line the outside of the capillaries, form a
barrier that prevents the free passage of most bloodborne substances and thereby helps to create fine control of
the extracellular environment of nerve cells. (Peripheral nerves and the retina have a similar barrier.) Without
this blood-brain barrier, the brain would be even more vulnerable to chemical damage.

Chemical access to cells varies in different regions of the nervous system and at different stages of
development (Klaassen, 1986). The area postrema and circumventricular areas have no blood-brain barrier. In
developing animals, monosodium glutamate selectively kills cells in the arcuate nucleus and the retina, where the
barrier is insufficient to exclude it. Other areas have incomplete barriers; e.g., the dorsal root ganglion is
vulnerable to penetration and resulting cell-killing by chemicals (such as doxorubicin) that are excluded from the
nearby spinal cord by a more complete barrier (Cho et al., 1980), and the olfactory nerve directly connects the
outside environment via the nose to the frontal cortex (Broadwell, 1989).

Most nuclei in the nervous system, particularly in the CNS, have relatively intact barriers and thus are
protected from some classes of chemicals. Although those barriers exclude many chemicals from the brain, some
neurotoxic chemicals can gain access to the CNS via normal uptake mechanisms, if they are structurally similar
to endogenous substances normally taken into the brain.

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC BASIS OF NEUROTOXICITY 29

Such variable protection places some anatomic regions at particular risk and gives rise to different
expressions of neurotoxicity in response to various agents.

As will be discussed in more detail in Chapter 3, the selectivity of the blood-brain barrier results in fairly
specific biologic markers that correspond to particular substances. Because the CNS is enclosed in a fairly
isolated compartment defined by the blood-brain barrier, monitoring of more readily sampled tissues, such as
blood, is not usually sufficient for detecting biologic markers of exposure or effect in the CNS itself; for that
purpose, it might be necessary to sample spinal fluid.

Development

The organizational complexity of the adult human nervous system is staggering. Indeed, the complexity is
so great that we have only a rough idea of the number of neurons in the brain. The most widely cited estimate is
30 billion. It is reasonable to assume that an average neuron receives input from about 1,000 other neurons and,
in turn, sends its messages to another 1,000 neurons.

Details of the development of the human nervous system are poorly understood, but the broad outline is
known. It begins early in embryonic development and is not complete until about the time of puberty. It proceeds
as a carefully timed multistage process guided by hormones and other chemical messengers. Some of the initial
organization acts as scaffolding, i.e, a temporary framework for later development. The temporal and spatial
organization of the developmental process is precise and complex, and the deleterious effects of a relatively
minor disturbance—one that perturbs developmental interactions among just a few cells and for only a brief time—
might be amplified enormously through the cascade of developmental steps. Developmental stage is important in
determining the limits of plasticity, i.e., the relocation of cellular resources to overcome the effects of injury; this
ability to adapt to damage is thought to be greatest early in development. For example, a lesion that might be
compensated for in a developing nervous system might produce irreversible deficits in an adult. In contrast,
interference with a particular cell-cell interaction can have qualitatively different effects in developing and
mature nervous systems. For example, dopamine receptors respond to a decrease in dopamine input during
development with a permanent decrease in their number, but in adulthood with an increase in their number
(Rosengarten and Friedhoff, 1979; Miller and Friedhoff, 1986). Thus, the nervous system's developmental period
is a time of both vulnerability and ability to compensate.

Disuse of a particular synaptic connection can result in its inactivation and eventual dissolution. When more
than a critical number of synaptic connections on a particular neuron are inactivated, the neuron itself might
become superfluous and be deleted. That phenomenon occurs extensively during development: excess neurons
and synaptic connections are established, many of which apparently disappear during the modeling of the mature
nervous system. The converse also happens: synaptic connections used repeatedly become fixed, and
transmission at these locations is facilitated through long-lasting changes in how ion channels or receptors are
linked to second messenger systems. It appears that the shape of a given synapse is plastic and that the
arrangement of structural proteins within a synapse can be modified to alter the efficiency of information
transmission.

Neuron production does not cease at birth in the human (or in any common laboratory species), but
continues through most of the first year of postnatal life. However, neurogenesis for most regions is completed
during embryonic stages or fetal stages. Thereafter,

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC BASIS OF NEUROTOXICITY 30

neurons that die are not replaced, although supporting cells continue to divide. Later development, maturation, or
repair of the nervous system involves extension of the population of neuronal processes (but not production of
new neurons) and modification of interconnections. That is in marked contrast with most other tissues, in which
cell replacement is continuous. The absence of neurogenesis in the adult places severe constraints on the nervous
system's ability to recover from damage.

Plasticity

Although the general pattern of interconnections in the nervous system is fixed according to the genetic
program that guides development, the fine structure of the pattern of connections in at least some regions
probably responds to exogenous factors and retains a considerable degree of adaptability throughout life. This
characteristic of plasticity involves rearrangement of the details of synaptic connections. Plasticity confers on the
CNS the capacity to respond to environmental signals by learning and memory formation. Damage to the
nervous system can also evoke rearrangement of connections among neurons that survive the insult;
rearrangement permits a limited, but important, functional adjustment to compensate for neuronal damage.

The clearest example of neuronal plasticity is seen after damage to axons in peripheral nerves. Neurons
supplying peripheral nerves usually survive when their axons have been damaged. Such a neuron is able to
regenerate its axon, which then locates its original target. That is the basis, for example, of the eventual partial
return of sensation and muscle control in a surgically reattached limb. Neurons in the CNS are also able to
regenerate damaged axons, but it is far more difficult for them to reacquire their targets, partly because of the
barrier formed by proliferating glia, partly because of the inherently more complex interconnections of the CNS,
and partly because the CNS lacks a pathway for regenerating axons to follow, such as is formed in the PNS by
basal laminae and collagen and reticular fibers of the endoneurium (the tissue that separates the fibers in a
peripheral nerve).

Trophic Interactions

The functioning of individual neurons is determined partly by a continuous supply of trophic factors,
chemicals that originate in the cell's targets. For example, if the axons of motor neurons are severed, both the
motor neuron and the muscle cells atrophy because of the lack of the chemicals that they normally exchange. A
target provides trophic feedback to the neuron that innervates it, so compromise of neuronal function can be
secondary to injury to nonneuronal cells. Such interdependence is also seen among neurons. Some neurons
atrophy when the neurons that normally communicate with them die (Kelly, 1985). Thus, it is possible that
damage can spread from a small number of inactivated neurons.

VULNERABILITY OF THE NERVOUS SYSTEM TO CHEMICAL TOXICANTS

In general terms, neurotoxic injury involves adverse functional or structural change. But the different
vulnerabilities of various cells to injury by a given toxicant and the normal roles of susceptible cells determine
the biologic markers of effect or clinical manifestations of exposure to a particular neurotoxic chemical. For
example, myelin degeneration after exposure to triethyltin or hexachlorophene is manifested as spasticity; effects
on neurons in the hippocampus due to exposure to trimethyltin, triethyllead, or methylmercury are associated
with learning and memory deficits; degeneration of dopamine

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC BASIS OF NEUROTOXICITY 31

neurons in the substantia nigra due to MPTP exposure leads to the tremor and rigidity of parkinsonism; and
axonal degeneration in the PNS due to y-diketones or acrylamide is reflected in muscular weakness and sensory
deficits. Such effects can often be detected in either exposed humans or corresponding experimental animal
models with clinical examination or other diagnostic means, such as electrophysiology, computed axial
tomography and positron-emission tomography (CAT and PET scanning), and magnetic resonance imaging. In
contrast, some of the acute effects of toxic chemicals are manifested as dysfunction of the nervous system
without any observable structural changes; examples are intoxication by insecticide pyrethroids, DDT, and
malathion. Several factors render the nervous system especially vulnerable to chemical assault; they are
described briefly in the next few pages.

Complexity of Structural and Functional Integration

The proper functioning of the nervous system depends critically on complex interactions among different
cell types in many anatomic locations that communicate via a variety of electric and chemical signals. The sheer
complexity of the system makes it vulnerable, just as the functioning of a computer is more vulnerable to
damage than is the functioning of an abacus. Other organs also are complex and have many cells, but most have
a high degree of functional redundancy. For example, the loss of a few liver cells creates little disturbance in the
organ's function. In contrast, although the nervous system is able to compensate extensively after injury, its
functional redundancy is nonetheless circumscribed. A small lesion might initially result in a functional deficit
(for example, a small stroke might impair speech or motor coordination), but eventually be compensated for as
new synaptic pathways are established. If a lesion is widespread, the corresponding functional capacity might be
lost; for example, a relatively small loss of neurons that use acetylcholine as their neurotransmitter might
produce a disturbance of memory, whereas a relatively minor insult concentrated in a subsystem that relies on
dopamine as its neurotransmitter might have no effect, and a larger insult might impair motor coordination.

Limitations on Repair

To understand neurotoxicity, one must remember that adults have no neurogenesis. Nerve cells that are
destroyed by chemical insult are not replaced; the lesion is permanent. However, the nervous system has
remarkable compensatory mechanisms. Such compensation is evident, for example, in the development of
tolerance to morphine and alcohol, the long-term potentiation phenomenon documented in experimental animals,
functional recovery after stroke or brain surgery, and neuronal sprouting after axonotomy. However, the
scantiness of functional redundancy and the lack of neurogenesis limit (although they do not preclude)
compensatory ability, particularly after extensive neuronal death. And the limits are exacerbated by normal aging
processes: Neurons die throughout adult life, and additional cell loss due to exposure to toxicants may cause a
further deficit in the functional reserve that is ordinarily drawn on in aging.

Accessibility to Lipid-Soluble Toxicants

All cell membranes are composed chiefly of lipid molecules. However, the lipid content of the nervous
system is especially high—the myelin in axonal sheaths, for example, constitutes approximately 25% of the
brain's dry weight. Many classes of toxicants, such as chlorinated hydrocarbon

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC BASIS OF NEUROTOXICITY 32

pesticides and industrial solvents, dissolve readily in lipids. Molecules dissolved in membrane lipids are
relatively protected from enzymatic degradation and sheltered from the general circulation. Thus, lipids act as
depots where various toxicants can accumulate and reach high local concentrations. Toxicants can gradually
leach out of lipid depots, such as liver and adipose tissue, to such an extent that the exposure of the nervous
system itself to a toxic chemical lasts much longer than the external exposure of the organism (Boylan et al.,
1978). Toxicant concentrations in adipose tissue can reflect exposure of other lipid-rich tissue, such as is found
in the nervous system, but determination of the temporal course of exposure or of tissue doses in the CNS is
more problematic.

Dependence on Glucose

The nervous system depends almost exclusively on glucose for energy and as a starting material for the
synthesis of other molecules (Sokoloff, 1989). Its energy requirements, e.g., for maintaining electric potentials
for meeting the bioenergetic demands of neurotransmitter reuptake, and for performing axonal transport are high.
The system is therefore particularly vulnerable to chemicals that inhibit the enzymes that metabolize glucose.

Axonal Transport

All types of cells must transport proteins and other molecular components from their site of production near
the nucleus to other sites in the cell. Intracellular transport is relatively simple in most cells, because the greatest
distance to be traversed is only a small fraction of a millimeter. Neurons are unique among cells, in that the cell
body not only must maintain the functions normally associated with its own metabolic support, but also must
provide support to dendrites and axons, often over relatively vast distances. The axon and synaptic boutons, have
little ability to synthesize the materials needed to sustain their structure and function, so they depend on delivery
of the materials from their parent-cell body (Hammerschlag and Brady, 1989). Delivery of such substances by
intracellular transport down the axon (axonal transport) is highly vulnerable to interruption by toxic chemicals.
In addition, the functional integrity of the neuronal cell body often depends on a reciprocal supply of trophic
factors from the cells that it innervates, and these trophic factors must also be supplied via axonal transport over
long distances with very high energy requirements.

Axonal transport has several forms. Fast anterograde (forward) transport carries macromolecular assemblies
of primarily membrane-associated glycosylated or sulfated proteins along structural tracks of microtubules from
cell body to distal axon at a rate of about 400 mm/day. From the cell body, slow anterograde transport carries
soluble enzymes involved in metabolism and neurotransmission at 1-2 mm/day in conjunction with microtubules
and neurofilaments or at 5-10 mm/day in association with microfilaments. Fast retrograde (backward) transport
carries a variety of materials up the axon to the cell body at about 250 mm/day; its cargo might be endogenous
molecules (largely glycoproteins) destined for recycling, trophic signals, or exogenous materials (e.g., tetanus
toxin, lead, and doxorubucin, which might circumvent the blood-brain barrier by traveling up the axon from the
PNS).

It has been hypothesized that the great demand of axonal transport for energy derived from oxidative
metabolism is a point of neural vulnerability to some toxicants. Toxicants that interfere with that metabolism or
that disrupt the spatial arrangement or manufacture of neurofilaments block axonal transport. Many chemicals
that produce distal axonopathies probably act by such mechanisms. For example, y-diketones

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC BASIS OF NEUROTOXICITY 33

(metabolites of n-hexane and methyl n-butyl ketone) appear to exert their toxic effect via the mechanism of
neurofilament cross-linking (St. Clair et al., 1989), whereas several biochemical mechanisms (e.g., reaction of
sulfhydryl moieties and altered glycolysis) might contribute to acrylamide's impairment of axonal transport
(Miller and Spencer, 1985).

Synaptic Transmission

Neurons communicate with one another and with muscle and gland cells via a large number of chemical
messengers that interact in precisely defined ways with specialized receptor molecules. Chemically mediated
communication is vulnerable to disruption by exogenous chemicals.

Disruption can occur in several ways. For example, it is functionally important for synaptically released
neurotransmitters to have brief effects. Some neurotoxicants, such as the organophosphate pesticides, inhibit the
enzyme that terminates the effect of the neurotransmitter acetylcholine on its target. The result is an injurious
overstimulation of the target cell. Other neurotoxicants, particularly toxins and their chemical relatives, mimic
the action of a neurotransmitter by interacting with its receptor molecule. For example, LSD (lysergic acid
diethylamide), a synthetic relative of a natural toxin (ergot) produced by a fungus that infects cereal grain,
interacts with the receptor for the neurotransmitter serotonin (Aghajanian, 1972).

Other neurotoxic chemicals act by deranging other aspects of chemical neurotransmission. Some chemicals
interfere with the synthesis of particular neurotransmitters, and others block a neurotransmitter's access to its
receptor molecule (Marwaha and Anderson, 1984). Neuroactive pharmaceuticals commonly have those types of
mechanisms of action. Some neurotoxicants are metabolized by neuronal enzymes and produce damaging
metabolites. For example, 6-hydroxydopamine is taken up by the reuptake system at synapses that use dopamine
as a neurotransmitter. The metabolism of 6-hydroxydopamine within the synaptic bouton yields hydrogen
peroxide and other toxic species, which kill the cell (Graham et al., 1978).

Ion Channels

A nerve impulse depends on the proper functioning of ion-specific channels in the membrane. During the
rising phase of the action potential, sodium ions enter the neurons through open sodium channels. During the
falling phase, potassium ions leave neurons through open potassium channels. Thus, the internal sodium
concentration increases and the internal potassium concentration decreases during an action potential. Although
the resulting ionic imbalance is small (around 0.1% for an axon 1 pm in diameter), it must be restored. That is
accomplished by the sodium-potassium pump, which extrudes sodium and absorbs potassium. The ion pump is
operated by metabolic energy, so substances that inhibit metabolic enzymes cause sodium to accumulate in the
neurons and potassium to be lost; that leads to membrane depolarization and, eventually, the loss of excitability.
Several kinds of neurotoxic chemicals—including such local anesthetics as lidocaine and such natural toxins as
tetrodotoxin and saxitoxin—block the sodium and potassium channels and thereby halt the electric conduction of
nerve impulses.

EXAMPLES OF NEUROTOXIC MECHANISMS

In some kinds of neurotoxicity, understanding of the pathogenetic progression from molecular lesion to
clinical manifestation is well developed. Pyrethroids cause acute, but reversible, neurotoxic effects. Chronic, but
not acute, exposure to n-hexane results in

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1801.html

o
=}
2

=
o
2
@
2]

X
[
)
2

S
o
(o)
@

o
@

o

=
(®))

£

=

£
[
%]
[0
Q.
>

2

©

£

2
=
o
o)

<

s
£
S

E

-
o
e

i~
o
o)

a
=
0]
o
I
o

©

£

2
=
o
o

<

=1
£
o
2

E

°
9]

)
@
)
2
G
0

Qo

=

-

=

X
£
o
2

E

°
[0
%]
o
Q.
£
9
o
)
2
C
[0
o)

o]
(%2}
@

c

=~
<
o
2

©
£

2
=
o
o

<

=]

b
o
c

kel

=1
T

8
c
[
%]
o
2
Q.
0
2

©

=

2

S
2
@)
c

B2

c

'_

é

=

L

[a]

o

R

<

=]
=
=}
o

a

<

and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

to the original; line lengths, word breaks, heading styles

use the print version of this publication as the authoritative version for attribution.

BIOLOGIC BASIS OF NEUROTOXICITY 34

degeneration of motor and sensory axons. MPTP, in sufficiently high doses, causes acute degeneration of
dopamine neurons, which results in a severe parkinsonian syndrome; however, it is suspected that the
progressive reduction in dopamine neurons that occurs with age will result in additional cases of parkinsonism in
people exposed to smaller amounts of MPTP (Calne et al., 1985). The possibility of long latency between
exposure to a toxicant and clinical manifestation of disease has profound implications both for demonstrating a
toxic etiology in degenerative CNS disease and for testing chemicals for neurotoxicity.

Pyrethroids

Pyrethroids are synthetic analogues of pyrethrins, the active substances in the flowers of Chrysanthemum
cinerariaefolium. The pyrethrum insecticides (made from the dried flowers) had been used extensively until the
end of World War II, but a variety of potent synthetic insecticides developed after the war—such as DDT,
lindane, dieldrin, parathion, and malathion—made pyrethrum almost obsolete. The pendulum swung in the
1960s, when the persistence of pesticides became a major issue in their use. Many pyrethrin derivatives were
then synthesized and tested as insecticides, and some of them have proved extremely useful and safe. The
pyrethroid insecticides now in use are characterized generally by potent insecticidal activity, relatively low acute
mammalian toxicity, little known chronic mammalian toxicity (including mutagenicity and carcinogenicity,
although information is incomplete), and—what is very important—environmental biodegradability.

Among insecticides, pyrethroids and organophosphate-carbamate anticholinesterases have been studied
most thoroughly for their mechanisms of action. Pyrethroids exert primarily acute toxicity, so studies have
focused on how the signs of poisoning are produced. The major aim of the studies has been to generate
information for improving pyrethroids as insecticides.

Pyrethroids can be classified into two large groups (Figure 2-3). Type I pyrethroids do not contain a cyano
group in their molecules and include allethrin, tetramethrin, permethrin, and phenothrin. Type II pyrethroids
contain a cyano group at the a-carbon position and include newer compounds, such as deltamethrin,
cyphenothrin, cypermethrin, and fenvalerate. The two types of pyrethroids cause somewhat different symptoms
of mammalian poisoning. Poisoning with type I pyrethroids is characterized by hyperexcitation, ataxia,
convulsions, and eventual paralysis; poisoning with type II pyrethroids, by hypersensitivity, choreoathetosis,
tremors, and paralysis. Despite differences in the symptoms, both types of pyrethroids have the same major
target site: the sodium channel of nerve membrane, i.e., the channel directly responsible for generating action
potentials.

Pyrethroids cause essentially similar signs

PYRE THROIDS
TYPE | TYPE Il
-0
m 5 @ @
o
[+
Algthe
L e
]
- o Ex
..):;f\rr\@r&@
-
Trirgemgmrn b e

Cyphangrtwa (527031

Y ore A ore

Figure 2-3 Structures of type I and type II pyrethroids. Source: Narahashi (1985).
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BIOLOGIC BASIS OF NEUROTOXICITY 35

of poisoning in mammals and invertebrate animals. In vitro studies of their mechanism of action on the nervous
system have used nerve preparations isolated from insects, crayfish, and squid and cultured mouse
neuroblastoma cells (Narahashi, 1971, 1985, 1989; Ruigt, 1984; Wouters and van den Bercken, 1978).

Pyrethroid poisoning is associated with an increase in electric activity of the central and peripheral nervous
systems: a single presynaptic stimulation in the presence of pyrethroids causes repetitive excitation of
presynaptic nerve and nerve terminals, thereby evoking repetitive postsynaptic discharges. This can be
demonstrated by exposing isolated nerve fiber preparations, such as crayfish giant axons and frog myelinated
nerve fibers, to low concentrations of pyrethroids (especially type I pyrethroids). Intracellular potential recording
experiments reveal that the depolarizing after-potential is gradually increased in amplitude and prolonged after
application of pyrethroids, until it finally generates repetitive after-discharges (Lund and Narahashi, 1983).

How the depolarizing after-potential is increased by pyrethroids is best studied by voltage-clamp
techniques, whereby membrane ionic currents can be recorded. The sodium current that generates action
potentials is markedly prolonged after the preparation is exposed to pyrethroids, and that causes a sustained
depolarization after an action potential (Narahashi and Lund, 1980). However, the sodium current thus recorded
represents an algebraic sum of currents passing through a large number of open sodium channels. The activity of
individual ion channels can be studied by patch-clamp techniques, which allow measurements of ionic currents
flowing through individual open channels. Pyrethroids have been found usually long periods (Yamamoto et al.,
1983). A sodium channel normally is kept open during a depolarizing step for only a few milliseconds, whereas a
sodium channel exposed to pyrethroids can remain open much longer—even up to several seconds, depending on
the pyrethroid in question. Type I and type II pyrethroids have similar effects, but the increase in open time is
more pronounced with type II pyrethroids.

Pyrethroids exert another effect on sodium channels. A pyrethroid-exposed sodium channel can be opened
at negative membrane potentials near the resting potential. Prolonged opening of many sodium channels near the
resting membrane potential leads to the nerve-membrane depolarization observed in the presence of pyrethroids.
Membrane depolarization produces several changes in nervous function: depolarization in sensory neurons sends
massive discharges to the central nervous system, causing hypersensitivity to external stimuli and paresthesia or
a tingling sensation in the facial skin; depolarization of presynaptic terminals increases transmitter release,
thereby disturbing synaptic transmission; and depolarization beyond some magnitude blocks nerve conduction
and results in paralysis. In addition to the modified electric behavior of the sodium channels, all the more readily
detected changes are biologic markers of exposure to pyrethroids.

During the last several years, it has been hypothesized that the y-aminobutyric acid (GABA) receptor-
channel complex, rather than the sodium channels, might be the target site of type II pyrethroids. That was based
on several observations, including pyrethroid inhibition of ligand binding to the GABA receptor channel
(Lawrence and Casida, 1983). However, recent patch-clamp experiments with rat dorsal root ganglion neurons in
culture have unequivocally demonstrated that, whereas sodium channel current undergoes drastic and
characteristic prolongation during exposure to the type II pyrethroid deltamethrin, the GABA-induced chloride
channel current remains unaffected (Ogata et al., 1988). The GABA receptor-channel system thus plays a
negligible role in poisoning with type II pyrethroids.

Pyrethroids thus seem to modify the

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC BASIS OF NEUROTOXICITY 36

gating kinetics of sodium channels, causing prolonged opening of individual channels, which leads to a wide
range of toxic signs. Only a very small fraction of sodium channels need to be modified by pyrethroids to cause
severe signs of poisoning (Lund and Narahashi, 1982). That is why pyrethroids are such potent insecticides.

Although the mechanism of action on nerve membrane sodium channels is generally the same in both
mammals and insects, pyrethroids are less toxic to mammals than to insects. The selective toxicity to insects
might be due to at least three major factors: pyrethroids are more effective on nerves at low temperature
(Narahashi, 1971), so insects at room temperature would be affected more severely than mammals at 37°C;
pyrethroids are detoxified by enzymes, and enzymatic reactions are slower at low temperature; and, because
insects are smaller than mammals, pyrethroid molecules are likely to reach the target site before being
inactivated metabolically.

In summary, pyrethroids primarily modify gating kinetics of sodium channels, and this action can account
for the various symptoms of poisoning in animals. Future studies should be directed toward the molecular
mechanisms whereby the pyrethroid molecule interacts with sodium channels, including the identification of the
subunit of a channel to which pyrethroids bind.

v-Diketones

At high concentrations, the simple alkane n-hexane (a glue solvent) can be acutely toxic; e.g., it can cause
dizziness and eye, throat, and skin irritations, all of which are nonspecific biologic markers of exposure and
effect. Those manifestations, however, are reversible. The progressive weakness and sensory loss that arise from
chronic exposure to n-hexane are the major human health hazards that motivated its regulation.

After it was reported that workers exposed to n-hexane at high concentrations developed a motor-sensory
peripheral neuropathy (Yamamura, 1969; Herskowitz et al., 1971), Schaumberg and Spencer (1976) showed that
rats develop an identical neuropathy after inhaling n-hexane. The finding that humans exposed to a solvent
mixture containing methyl butyl butane developed peripheral neuropathy identical with that found after n-hexane
exposure (Billmaier et al., 1974) demonstrated the peripheral neuropathy as a biologic marker characteristic of
the two chemicals.

Biopsies of humans and careful morphologic studies of exposed rats showed that exposure to n-hexane and
exposure to methyl n-butyl ketone each resulted in large neurofilament-filled swellings of axons, with axonal
degeneration distal to the swellings developing over time. Thus, a biologic marker was established that was
useful across species, as well as for the chemical class. Cavanagh and Bennetts (1981) showed that the
neurofilament-filled swellings in the CNS and the PNS uniformly developed along the distal portions of long
axons; however, accompanying axonal degeneration was much less common in the CNS (Griffin and Price,
1980). Spencer and Schaumberg (1977a,b) classified the neuropathy as a central-peripheral distal axonopathy
and observed that myelinated axons were more vulnerable than nonmyelinated axons. Swelling and distal
degeneration were most prominent in myelinated axons of the largest diameter.

The common morphologic findings after n-hexane and methyl n-butyl ketone exposure suggested a
metabolic relationship between the two toxicants, which was elucidated by Krasavage et al. (1980) and Couri
and Nachtman (1979). Studies disclosed a common metabolite, 2,5-hexanedione (HD), a biologic marker of
exposure that itself caused an identical neuropathy. The Krasavage group coined the term "y-diketone"

Copyright © National Academy of Sciences. All rights reserved.
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neuropathy to emphasize the importance of the gamma spacing of the two ketone groups (separated by two
carbons; sec Figure 2-4). y-Diketones and y-diketone precursors produce a specific neurotoxic response not
shared by diketones with o, 3, or y spacing (with zero, one, or three intervening carbons, respectively) (Spencer
et al.,, 1978; Katz et al., 1980). However, 2,4-pentanedione, an a-diketone, produces a different form of
neurotoxicity (Misumi and Nagano, 1984). The seminal observation regarding the significance of gamma
spacing began the process of understanding the neuropathy at the molecular level.

The search for the fundamental mechanism focused on two concepts: inhibition of energy metabolism
(Spencer et al., 1979) and neurofilament cross-linking (Graham, 1980). The key observation, however, was that
lysyl amino groups of proteins are the primary target of y-diketones and that pyrroles are the product of the
reaction (DeCaprio et al., 1982; Graham et al., 1982).

A number of studies have tested the hypothesis that pyrrole formation is the initial step in the sequence that
leads to neurofilament accumulation. Anthony et al. (1983a,b) showed that 3,4-dimethyl-2,5-hexanedione
(DMHD) was a y-diketone that

Toxic RESPONSES OF THE NERVOUS SYSTEM

OH OH
SR et e
OH
n -hexane 2 hexanol 2.5-hexanediol

| |
jw—-—i/\lf

2-hexanone S-hvdroxy-2-hexanone

: |

R N . 0
N RNH,
H,0 °  mo -
pymole ) imine 2 5-hexanedione

Figure 2-4 Metabolism of hexane. Both n-hexane and 2-hexanone (methyl n-butyl ketone) are neurotoxic, and both
are activated through ®-1 oxidation to the ultimate toxic metabolite, 2,5-hexanedione. The toxicity of g-diketones
derives from the ability of these diketones to react with protein amino groups (RNH,) to form an amine in an initial
reversible step, and then to cyclize irreversibly to form a pyrrole. Source: Anthony and Graham (1991). Reprinted
with permission from Amdur et al. (1991).
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BIOLOGIC BASIS OF NEUROTOXICITY 38

formed pyrroles more rapidly than HD and was correspondingly more neurotoxic. Larger substituents—such as
ethyl, isopropyl, and phenyl groups on the 3 and 4 carbons—impeded pyrrole formation by steric hindrance
(Szakal-Quin et al., 1986) and were not neurotoxic (Genter et al., 1987). Thus, although the gamma spacing is
critical, not all y-diketones are neurotoxic. Genter et al. (1987) clarified the role of pyrrole formation with the
observation that the d/ diastereomer of DMHD forms pyrroles more readily and is more toxic than the meso
diastereomer. Given that d/-['"*C]DMHD and meso-['*C]DMHD disperse comparably in the nervous system, as
shown by Rosenberg et al. (1987), and that the tetramethylpyrroles formed are the same, the conclusion that
pyrrole formation is the first step in the pathogenetic sequence was virtually ensured. The conclusion was
strongly supported by the finding that 3,3-dimethyl-2,5-hexanedione, which cannot form a pyrrole, is not
neurotoxic (Sayre et al., 1986) and by the reduced rate of pyrrole formation and neurotoxicity of deuterium-
substituted HD (DeCaprio et al., 1988).

The significance of pyrrole formation for neurofilament function, however, has been a point of controversy.
DeCaprio (1985) and Sayre et al. (1985) have proposed that conversion of the hydrophilic lysyl amino groups to
hydrophobic pyrrole derivatives alters neurofilament transport through impairment of interactions between
neurofilaments and other cytoplasmic components in the axon. The alternative hypothesis (Graham et al., 1982)
has been that pyrrole autoxidation leads to covalent cross-linking of neurofilaments. Progressive cross-linking of
neurofilaments during chronic intoxication would lead eventually to the formation of masses of neurofilaments
too large to pass through the constrictions in axonal diameter that occur at every node of Ranvier. Indeed, the
greater vulnerability of large-diameter myelinated axons is apparently explained by the greater proportional
reduction in diameter at their nodes. Thus, continued transport up to the point of occlusion could account for the
large neurofilament-filled swellings of the axon that most often occur proximal to nodes of Ranvier (Spencer et
al., 1977a; Jones and Cavanaugh, 1983).

To test whether pyrrole derivatization itself is sufficient to account for the neurofilament-filled swelling or
whether neurofilament cross-linking is necessary, St. Clair et al. (1988) used another y-diketone, 3-acetyl-2,5-
hexanedione (AcHD). The acetyl group of AcHD is small enough not to hinder pyrrole formation; in fact, the
rate is nearly as great as that for d/-DMHD and greater than that for meso-DMHD. However, whereas the
electron-donating methyl groups of the tetramethylpyrrole derived from DMHD result in a reduced oxidation
potential (362 mV), compared with that of the dimethylpyrrole derived from HD (620 mV), the oxidation
potential of the pyrrole formed by AcHD is much greater (975 mV), because of the electron-withdrawing
properties of the acetyl group. Thus, the pyrrole formed from AcHD is relatively resistant to oxidation and so
provides a probe for discriminating between the competing hypotheses. If pyrrole derivatization itself is
sufficient, AcHD should be highly neurotoxic. Conversely, if pyrrole autoxidation and neurofilament cross-
linking are required, AcHD would not result in neurotoxicity. When rats were given AcHD, massive pyrrole
formation occurred, but neither clinical neurotoxicity nor neurofilament accumulation was observed; the results
point strongly to the role of neurofilament cross-linking in the pathogenesis of n-hexane neurotoxicity.

Thus, in n-hexane neuropathy, it appears established that the y-diketone HD is the toxic metabolite.
Reaction with amino groups yields pyrrole adducts, which undergo autoxidation that results in covalent cross-
linking of proteins. It is the extreme stability of the neurofilaments that results in the localization of toxic injury
in the nervous

Copyright © National Academy of Sciences. All rights reserved.
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system, and it is the particular anatomy of the myelinated axon at nodes of Ranvier that makes these axons most
vulnerable.

MPTP

A particularly unfortunate byproduct of the so-called designer drugs produced in the 1980s was 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Figure 2-5). Instead of the desired opiate-like characteristics of the
intended meperidine derivative (which was to be sold illicitly as "synthetic heroin"), a synthetic drug that
contained MPTP caused a profound, acute-onset neurologic disorder with extreme muscular rigidity and tremor
that was indistinguishable from idiopathic Parkinson's disease (Langston et al., 1983). Animal studies showed
that MPTP itself is not neurotoxic, but requires metabolism by monoamine oxidase B, a process that appears to
take place in astrocytes, a type of glial cell (Jenner, 1989). The product of MPTP oxidation is the pyridinium ion
MPP+ (Figure 2-5); this putative toxic metabolite of MPTP leaves the astrocytes and is preferentially
concentrated by catecholaminergic neurons via their own catecholamine uptake system. Whether the mechanism
of MPP+ cytotoxicity is related to oxidation-reduction cycling, interference with mitochondrial energy
production, or some other process, the end result is cell death, particularly death of the dopaminergic neurons of
the substantia nigra (Langston and Irwin, 1986). The marked depletion of dopamine seen in the brain of MPTP-
treated

Figure 2-5 Diagram of MPTP toxicity. MPP*, either formed elsewhere in the body following exposure to MPTP or
injected directly, is unable to cross the blood-brain barrier. In contrast, MPTP gains access and is oxidized in situ to
MPDP* and MPP*. The same transport system that carries dopamine into the dopaminergic neurons also transports
the cytotoxic MPP™. Source: Anthony and Graham (1991). Reprinted with permission from Amdur et al. (1991).

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC BASIS OF NEUROTOXICITY 40

animals is also the central neuropathologic feature of Parkinson's disease in humans.

Not all people exposed to MPTP have developed parkinsonism, ostensibly because the dose administered
was sometimes insufficient to cause death of a large enough proportion of dopaminergic neurons to produce the
80% or greater depletion of dopamine in the brain that is required to produce a clinical syndrome (Hornykiewicz,
1986). Recently, a number of exposed people have been studied with positron-emission tomographic (PET)
scanning (Calne et al., 1985). Through the use of positron-emitting fluorodopa, which is sequestered in the
striatum (where the axonal projections of the substantia nigra form synapses), a deficiency of striatal dopamine
was demonstrated. Although the exposed people were asymptomatic, the loss of dopaminergic neurons with
normal aging (McGeer et al., 1977) is likely to reduce the population of these cells, and thus brain dopamine
concentrations, below the 80% required for normal function; at that time, the signs and symptoms of Parkinson's
disease would be manifested (Calne and Langston, 1983).

This is a critically important concept: An acute toxic injury can be separated from its clinical manifestations
by years. If MPTP-exposed people who are now asymptomatic (and there might be over 500 such cases)
eventually develop parkinsonism, it will open up the possibility that some patients who develop progressive
degenerative CNS disease later in life (such as Parkinson's disease, Alzheimer's disease, and amyotrophic lateral
sclerosis) might have suffered neuronal injury from a toxicant years earlier. If that turns out to have been the
case, tests for neurotoxicity will have to take into account the possibility that effects develop after a long latency.

SUMMARY

The nervous system has several unique aspects, e.g., poor regenerative capacity, unusual anatomy,
specialized metabolic requirements and subcellular systems, and a wide variety of neurotransmitter and
neuromodulator systems. As the discussions of pyrethroids, y-diketones, and MPTP illustrate, the complexity of
the nervous system and its tremendous structural and functional heterogeneity might make it particularly
susceptible to disruption by toxic agents, and neuronal dysfunction can have impacts on a number of organ
systems. Even minor changes in the structure and function of the nervous system can have profound effects on
neurologic, behavioral, and other body functions.

Many foreign substances can alter the normal activity of the nervous system via a variety of mechanisms.
Some produce immediate short-term effects; others cause neurotoxic effects only after long-term, repeated
exposures. Some substances can cause permanent damage after a single exposure; others can cause subtle and
reversible damage. This diversity in nervous system response increases the challenge to toxicologists to develop
biologically appropriate and empirically reliable test systems.

Considerable progress has been made in recent decades in understanding the nervous system on an
integrated and comprehensive basis. Some mechanisms underlying behavior, such as sensorimotor function and
information-processing, are being elucidated from the translation of molecular and cellular activities into organ-
level events and from the translation of organ-level events into whole-organism behavior. Only by understanding
the basic mechanisms involved in neurobiologic processes can we develop adequate neurotoxicity test methods.
Our present understanding of some expressions of nervous system function permits such an integrated approach—
e.g., much is known about the roles of molecules, cells, organs, and the whole organism in visual processing and
proprioceptive control of movement. For most other neurologic functions, although

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC BASIS OF NEUROTOXICITY 41

gaps in our knowledge still restrict integrative analyses, we can examine their components at specific levels of
integration-with in vivo and in vitro approaches. An understanding of the nervous system guides the search for
useful biologic markers, as is discussed in Chapter 3. This information is developed further in Chapter 4 to
assess available in vivo and in vitro testing methods and address the need for efficient means for identifying
neurotoxic substances.

Copyright © National Academy of Sciences. All rights reserved.
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3

Biologic Markers in Neurotoxicology

The purpose of this chapter is to form a bridge between the issues of nervous system structure and function
that are the principal subjects of contemporary neuroscience (Chapter 2) and the goals and emerging methods of
quantitative risk assessment (Chapter 6). Identification of biologic markers and understanding of their role in cell
response and damage can provide information that will be essential for predicting, and therefore preventing,
diseases and disability. This chapter applies to the nervous system the important conceptual framework
developed recently by the National Research Council's Committee on Biologic Markers and applied in
pulmonary toxicology (NRC, 1989a), reproductive and neurodevelopmental toxicology (NRC, 1989b), and
immunotoxicology (NRC, 1991a). We believe that the concepts and definitions of the Committee on Biologic
Markers constitute a valuable tool that can be applied to neurotoxicology, as described in the following sections.

CONCEPTS AND DEFINITIONS

Biologic markers, broadly defined, are indicators of change or variation in cellular or biochemical
components or processes, structures, or functions that are measurable in organisms or samples from those
organisms. Understanding the processes, structures, and functions of the nervous system is the starting point for
identifying biologic markers. Current interest in the biologic markers of the nervous system stems from a desire
to identify the early stages of system impairment and damage and to understand the dynamics of exposure and
the basic mechanisms of response to toxic exposure.

There is growing interest in the use of biologic markers in clinical medicine, epidemiology, toxicology, and
related biomedical fields to study the human neurologic effects of exposures to environmental toxicants (NRC,
1989a,b). Clinical medicine uses markers to allow earlier detection and treatment of disease; epidemiology uses
them as indicators of internal dose or of health effects and for surveillance; and toxicology uses them to help to
determine underlying mechanisms of diseases, develop better estimates of dose-response relationships, and
improve the technical bases for assessing risks associated with low levels of exposure (see Chapter 6).

The rapid growth of new molecular and biochemical tools in the practice of medicine has resulted in the
development of markers

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1801.html

o
=}
2

=
o
2
@
2]

X
[
)
2

S
o
(o)
@

o
@

o

=
(®))

£

=

£
[
%]
[0
Q.
>

2

©

£

2
=
o
o)

<

s
£
S

E

-
o
e

i~
o
o)

a
=
0]
o
I
o

©

£

2
=
o
o

<

=1
£
o
2

E

°
9]

)
@
)
2
G
0

Qo

=

-

=

X
£
o
2

E

°
[0
%]
o
Q.
£
9
o
)
2
C
[0
o)

o]
(%2}
@

c

=~
<
o
2

©
£

2
=
o
o

<

=]

b
o
c

kel

=1
T

8
c
[
%]
o
2
Q.
0
2

©

=

2

S
2
@)
c

B2

c

'_

é

=

L

[a]

o

R

<

=]
=
=}
o

a

<

and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

to the original; line lengths, word breaks, heading styles

use the print version of this publication as the authoritative version for attribution.

BIOLOGIC MARKERS IN NEUROTOXICOLOGY 44

for understanding disease, predicting outcome, and directing treatment. Over the next few years, many of the
tools will be used to estimate chemical exposure. Even now, many diseases are defined, not by overt signs and
symptoms, but by the detection of biologic markers at the subcellular, molecular, or functional level after
exposure to a toxic agent. The identification, validation, and use of markers in neurobiology and medicine
depend fundamentally on increased understanding of mechanisms of action and of molecular and biochemical
processes. Biologic markers are allowing investigators to gain a better understanding of chemical-receptor
interactions. As noted in Chapter 2, for example, some toxicants interfere with ion channels and thus enhance or
suppress impulse conduction along nerves. Tetrodotoxin, a puffer fish poison, blocks the sodium ion channel,
thereby impairing impulse conduction. However, the insecticidal pyrethroids keep the sodium ion channels open
too long, thereby making the nerve hyperactive.

As we use the term here, markers can be signals or indicators of normal physiology, forerunners of nervous
system damage, or clinical signs and symptoms of neurologic disease. A specific biologic marker can serve
several purposes and is best characterized by the use to which it is put in a particular context. Markers can
indicate susceptibility, exposure to an exogenous agent, internal dose, biologically effective dose (dose at a
receptor site), early biologic effect, structural or functional alteration, physiologic status, system damage, or
disease. Thus, the choice of a marker and its interpretation depend on the purpose of its use, and its intended use
depends on characteristics peculiar to a particular exogenous agent, to an individual organism, or to a particular
target organ or tissue (see Table 3-1). If the goal is prevention, the major emphasis will be on monitoring
markers that

TABLE 3-1 Examples of Characteristics of Exogenous Agents, Organisms, or Targets That Influence Choice of Biologic
Marker

Agent-specific characteristics Organ- or tissue-specific characteristics
Physiochemical properties Blood flow

Interactions Membrane permeability
Routes of exposure Transport

Duration of exposure Receptors

Exposure concentration Function

Pattern of exposure Homeostasis
Metabolism Structure

Activation Physiologic state
Detoxification

Organism-specific characteristics

Species

Age

Sex

Physiologic state
Pharmacokinetic characteristics
Genetic factors

Lifestyle factors

Source: NRC (1989b).

Copyright © National Academy of Sciences. All rights reserved.
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identify biologic changes in the nervous system that are predictive of health impairment or overt disease, such as
the various biochemicals, metabolites, responses, and characteristics listed in Table 3-2.

Markers represent points in a continuum between health and disease. How they are applied to the
neurologic sciences might change as our knowledge of the fundamental processes of disease of the nervous
system increases. What are perceived at first to be early signals of exposure and of a system's response to a
toxicant could come to be considered health impairments themselves, because of their strong predictive
relationship to disease. By the time early changes (markers) are detected, it might be difficult to prevent
neuropathy from occurring in response to exposure to a toxicant whose effects are progressive and irreversible.
But many neurotoxicants produce damage that is reversible if exposure is stopped (e.g., agents that cause CNS
depression). Thus, biologic markers related to the nervous system can be valuable in prevention, in estimation of
exposure, in early detection of damage, and in early treatment of disease.

The Committee on Biologic Markers found it useful to define three general categories of biologic markers:
those of exposure to chemical or physical agents, those of effects of exposure, and those of susceptibility to the
effects of exposure (NRC, 1989a,b). In the context of the nervous system, a biologic marker of exposure is an
exogenous substance or its metabolite or the product of an interaction between a substance and some target
molecule or other nervous system receptor. A biologic marker of effect is a detectable alteration of an
endogenous component within the nervous system that, depending on magnitude, can be recognized as a
potential or established health impairment or disease. A biologic marker of susceptibility is an indicator of an
inherent or acquired limitation of an organism's nervous system's ability to respond to the challenge of exposure
to a specific toxic substance. Organisms might be particularly susceptible to a toxic substance for several
reasons, including a genetic predisposition, existing disease, unique metabolic characteristics, or even the
consequences of increased stress (see discussion on markers of susceptibility).

TABLE 3-2 Selected Markers of Neurotoxicity in Nervous System

General neuronal measures

Cell number

Tetanus-toxin binding
Neurofilament protein

Neuronal structure

General glial measures

Glial fibrillary acidic protein
Oligodendrocyte probe
Transmitter systems

Amino Acid

Excitatory

Inhibitory

Cholinergic

Choline acetyltransferase
Muscarinic and nicotinic receptors
Aminergic

Norepinephrine

Serotonin

Dopamine

Peptidergic

Vasoactive intestinal peptide
Substance P

Enkephalin

Cell biologic responses

Second messengers

Cyclic nucleotide
Phosphorylation
Calcium-dependent transmitter release
Voltage-dependent NA* or Ca?* uptake

Copyright © National Academy of Sciences. All rights reserved.
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Biologic Markers of Exposure

External exposure is the amount or concentration of a substance in the environment of an organism; internal
dose is the amount that is transferred or absorbed into the organism (see Figure 3-1). Biologically effective dose,
in general terms, is the internal dose that is quantitatively correlated with an identifiable biologic effect;
however, it is more precisely considered to be the amount of a substance that has interacted with a critical
cellular or tissue receptor or target where the biologic effect is initiated. Because many such receptor sites in the
nervous system are not known or not accessible, it is often necessary to use a surrogate site. For example, the
neurofilament cross-linking that follows exposure to y-diketones is accompanied by dimerization of erythrocyte
spectrin; blood samples can reveal that a biologically effective dose has been received by the organism (St. Clair
et al., 1988) in that these compounds penetrate to the nervous system sites in proportion to concentrations in
blood samples.

Markers of exposure can be based on steady-state or pharmacokinetic measures, such as peak circulating
concentration, cumulative dose, or plasma half-life. Individual variations in physiologic characteristics—such as
sex, age, blood flow, membrane permeability, and respiratory rate—can affect the absorption and distribution of
a chemical and its metabolites (Doull, 1980; NRC, 1986). Age and health status, such as disease, can alter the
respiratory rate and thus the pulmonary dose of a toxicant (NRC, 1989a). Exposure concentration, size of
delivered dose, and dose rate also affect internal dose. When absorption capacities are exceeded, alternate
pathways of clearance come into play. High vapor concentrations (e.g., high concentrations of organic solvents)
might be exhaled, rather than absorbed. Species and individual differences in metabolism can drastically alter
internal doses of reactive metabolites.

The internal dose of a substance can vary with route of exposure, chemical species, and physical form. To
make qualitative or quantitative estimates of exposure with biologic markers, the concentration, duration and
pattern of exposure, and physicochemical nature of a toxicant must be considered in the selection of an
appropriate marker of exposure (Gibaldi and Perrier, 1982). Other environmental factors, such as temperature,
can affect exposure by changing amounts of water consumption and thus of waterborne pollutants ingested. Diet
alters intestinal motility and gastric emptying time, as well as the transport of specific substances across barriers
in the gastrointestinal system. The

BOLOGICALLY EAALY MTERED
EXPCEUA] —p "L‘;,T.’;“ —+| erEcTvE | —p| mowacal | —s| sTRUCTURE! | —p m
T = BOSE + EFFECT v | rumemes |
L]

A

By R i __,.J WPy
T T
il T S S -
L:.r:cem'rs-urvu

Figure 3-1. Simplified classification of biologic markers (indicated by boxes). Solid lines indicate progression, if it
occurs, to the next class of marker. Dashed lines indicate that individual susceptibility influences the rates of
progression, as do other variables described in the text. Biologic markers represent a continuum of changes, and the
classification of change might not always be distinct. Source: NRC Committee on Biologic Markers, 1987.
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BIOLOGIC MARKERS IN NEUROTOXICOLOGY 47

formulation or type of mixture that contains a toxicant can affect its transport across protective barriers and
membranes in the nervous system.

The presence of active mechanisms of transport into an organ or tissue and the density of nervous system
receptor sites can all influence internal dose and biologically effective dose. Metabolism critically affects
biologically effective doses of many compounds; the tissue distribution of metabolizing enzymes is an important
determinant of effective dose. Many nervous system toxicants act by interfering with neurotransmitter-receptor
interactions. Thus, the interpretation of dosimetric data involves an understanding of the role of the receptor in
overall cell, organ, or organism function, of coexisting or pre-existing stresses on the organism, and of the
existence and availability of repair or compensation during and after exposure (Doull, 1980). These interactive
aspects of exposure and response are especially important for the nervous system, which participates in the
physiologic regulation of other body systems.

An example of a marker of exposure is the inhibition of blood acetylcholinesterase by organophosphorus
pesticides. However, although moderate levels of inhibition—i.e., up to 30% —are not associated with
physiologic effects (NRC, 1986), inhibition of blood acetylcholinesterase greater than 30% can be used as a
marker of both exposure and effect. As another example, urinary concentrations of 2,5-hexanedione have been
suggested as markers of exposure to n-hexane.

Biologic Markers of Effect

For purposes of environmental health research, biologic markers of effects in the nervous system of an
organism after exposure to a toxicant are considered in the context of their relationship to health status—normal
health, early health impairment and damage, or overt disease (see Figure 3-1). In that context, an effect is defined
as any of the following:

* An alteration in a tissue or organ.

* An early event in a biologic process that is predictive of the development of a health impairment.

* A change consistent with early damage to an organ or tissue.

* A health impairment or clinically recognized disease.

* A response peripheral or parallel to a disease process, but correlated with it and thus usable in predicting
development of a health impairment.

Thus, a biologic marker of a nervous system effect can be any qualitative or quantitative change that is
predictive of system impairment or damage resulting from exposure to a substance, e.g., in brainwave
recordings, in release of a neurotransmitter (such as dopamine), or in the presence of amyloid in Alzheimer's
disease or of neuron-specific enolase in some CNS neoplasms. Markers of early biologic effects include
alterations in the functions of target tissues of the nervous system after exposure. As early-warning signals, such
markers can be useful dosimeters to guide intervention aimed at reducing or preventing further exposure. Such
early-warning signals might also be observed in organs or tissues other than the sites that are critical for toxic
action, in that effects on the nervous system can themselves affect the functioning of other organ systems—e.g.,
caffeine can stimulate the CNS, which can then affect the heart and kidneys.

A tissue affected by a toxicant might exhibit altered function even if the exposed organism has no overt
manifestations. Such alteration can in some cases be determined by testing, particularly with the new
biochemical probes (e.g., molecular adducts) or

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1801.html

o
=}
2

=
o
2
@
2]

X
[
)
2

o
o
(o)
@

o
@

Q2

=
(®))

£

=

£
[
%]
[0
Q.
>

2

©

£

2
=
o
o)

e

=
£
S

E

-
o
e

X
o
o)

e
=
0]
o
I
o

©

£

2
=
o
o

°

=
£
o
2

E

O
9]

)
@
)
2
G
0

Q2

©=

—

=

X
£
o
2

E

O
[0
%]
o
Q.
£
9
o
)
2
C
[0
o)

Ko]
(%2}
@

N

X
<
o
2

©

£

2
=
o
o

=

=]

b
o
c

9

=1
T

8
c
[
%]
o
2
Q.
0
2

©

=

2

S
2
@)
c

Q2

=

’_

RO

©=

L

)

o

R4

°

=

=
=}
o

!

<

(0]
(2]
©
o
o
.
(0]
©
(0]
(2]
£
>
T
g
C
[0
o
Q
[&]
[v]
c
(0]
[0
Ke]
[0
>
©
c
>
(0]
€
w
2
o
o
=
(0]
XS]
<
Q.
[0
©
()]
o
o
>
Z
[0
£
(o]
(1)
o
C
©
=l
[0
£
©
T
(0]
o
[0}
o]
=
[e]
c
C
(]
o
2
[0
>
[
2
o
N
-
C
=
(]
€
£
o]
S
ge)
=
[$]
[
Q.
P
[®)]
C
=
(0]
(7]
[0
o
>
Z
-
(0]
L
<
(o]
ie)
C
©
@
2
>
=
2]
()]
£
©
©
[0
Ny
g
x
[43]
(0]
o
Ne]
©
o
o
2
;
L
=
[®)]
c
K9]
[0
£
)
£
o
2
o
(0]
L
=
[e]
ie

o
e
=

>3
Is!
=
=]

©
=
<}
Rel

c
Qo

7]

&2

o

>

[
=
=

©
8
=

e}
=
=

>

®©
©
<
=]

(2]

®©

o
)
=

T

o
o)

>

a
i)
=
=
b

s}

c
Qo

7]

&2

o

>
=

c
=

S

©
<
=]

©

2]

S

BIOLOGIC MARKERS IN NEUROTOXICOLOGY 48

imaging techniques (e.g., magnetic resonance imaging). Biologic markers of functional alterations are most
useful if related to specific functions—e.g., acetylcholinesterase for a cholinergic response and epinephrine for a
catecholaminergic response.

If the internal dose of a toxicant is great enough, disease will develop, because the biologically effective
dose will be sufficient to affect some function irreversibly or produce an effect for a substantial period, as in the
case of ethanol. Disease that occurs soon after exposure might be easy to link directly to the toxicant. Disease
that occurs long after exposure might be difficult to relate to a specific toxicant, as is postulated for some cases
of Alzheimer's disease and other neurodegenerative disorders (Calne et al., 1986), unless the findings are
pathognomonic, i.e., are relatively specific to a particular type of exposure (such as y-diketones and methyl n-
butylketone) or are rare in unexposed persons (such as distal axonopathy).

The transition to overt disease can depend on properties of the toxicant, the nature of exposure, the disease
process itself, or individual susceptibilities. Because people respond differently to toxicants, it is not surprising
that only some members of a population similarly exposed to a given environmental agent will develop a given
disease. That is especially true of the nervous system, in which large observed variations in population response
to chemical toxicants have been attributed to differences in metabolism, pharmacokinetics, protective
mechanisms and barriers, and system complexity.

Although scientists tend to divide biologic markers into groups, there is a continuum between health and
disease, and advances in toxicology have demonstrated a continuum between dose and response. Biologic
markers are best divided operationally, depending on how they are assessed and how they can be used, but the
divisions should not be interpreted to imply mechanistic distinctions (Figure 3-1).

Biologic Markers of Susceptibility

Some biologic markers indicate individual or population factors that can affect response to environmental
agents. Those factors are independent of whether exposure has occurred, although exposure sometimes increases
susceptibility to the effects of later exposures (e.g., in sensitization to formaldehyde). An intrinsic characteristic
or preexisting disease state that increases the internal dose or the biologically effective dose or that amplifies the
effect at the target tissue can be a biologic marker of increased susceptibility (NIEHS, 1985; Omenn, 1986).
Such markers can include inborn differences in metabolism, variations in immunoglobulin concentrations, low
organ reserve capacity, or other identifiable genetically or environmentally induced factors that influence
absorption, metabolism, detoxification, and effect of environmental agents. These types of biologic markers are
not extensively considered in this report.

VALIDATION OF BIOLOGIC MARKERS

To validate the use of a biologic measurement as a marker, it is necessary to understand the relationship
between the marker and the event or condition of interest, e.g., between muscular weakness and exposure to
acrylamide. Sensitivity and specificity are critical components of validity (MacMahon and Pugh, 1970).
Sensitivity is the ability of a marker to identify correctly those who have been exposed or have a disease or
condition of interest; specificity is the ability to identify correctly those who have not been exposed or do not
have the disease or condition.

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC MARKERS IN NEUROTOXICOLOGY 49

Animal models are useful for understanding the basic mechanistic processes of the expression of markers
and the relationships among exposure, early effects, and disease and thus are useful in validating biologic
markers (see Chapter 4). If a disease can be satisfactorily induced in experimental animals (e.g., axonopathy in
rats exposed to n-hexane), then potential biologic markers for predicting eventual disease can be explored, and
early indicators of the disease might be identified for use in human studies (e.g., peripheral neuropathy). A major
goal of research with biologic markers is to develop markers that reliably indicate an early stage in the
development of a disease process in humans when effective intervention is still possible. That is especially
important for the nervous system, where repair is limited and early intervention might offer the only chance of
recovery.

One of the most serious challenges for the use of animal models in neurotoxicology is that many
expressions in the human central nervous system are quite different from those which can be assessed directly in
animal models. Moreover, even for events that appear to be similar, humans might differ from specific
experimental animals in their functional reserve capability. Therefore, the degree of impairment required to
cause a particular functional deficit could differ for apparently equivalent levels of damage. Use of appropriate
biologic markers for changes in neurologic functions that are similar between animals and humans could help
determine functionally equivalent amounts of damage. For example, changes in neurotransmitter turnover might
provide a basis for interspecies comparability. This application of markers has been wuseful in
neuropharmacology and should find increased application in the development of neurotoxicologic markers. Until
recently, such markers were not directly measurable in humans. However, new scanning techniques of positron-
emission tomography and magnetic resonance imaging can provide information in vivo on the neurochemistry of
humans and experimental animals.

The principal purpose of markers in health research is to identify exposed people, so that risk can be
estimated and disease prevented. Particularly critical for marker validation is the strength of biologic plausibility
that supports an association between a change in a specified signal (a marker) and the occurrence of a specific
exposure or of a change in a specific effect.

Validation of a specific marker depends on its expected use in monitored populations. Biologic markers
observed well before the onset of disease might have low predictive value for the disease itself, but function
acceptably as criteria for defining exposed populations and thus be useful for long-term followup. For example,
heroin addiction in California might be a useful clue of potential exposure to the neurotoxicant MPTP for
epidemiologic research, even though its relationship to a parkinsonian syndrome is indirect. Conversely, an
effect marker that is expressed long after exposure could be of relatively little use in exposure assessment, but
very important in predicting progression of disease or calculating risk. For example, neurobehavioral
manifestation of prenatal exposure to methylmercury can persist well into adulthood.

Quality assurance and quality control are fundamental to the objective development and application of
accurate and verifiable biologic markers. The objective of laboratory quality-assurance practices is to ensure that
findings reported by one laboratory are in fact verifiable and within acceptable limits of measurement error, that
they accurately indicate the concentrations or presence of the biologic changes reported to have been found, and
that they are objective and free from sources of bias introduced through the analytic process. General issues of
quality assurance and quality control have been addressed by documents produced by the

Copyright © National Academy of Sciences. All rights reserved.
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Food and Drug Administration (FDA), the U.S. Environmental Protection Agency, the Organization for
Economic Cooperation and Development, and other regulatory organizations. FDA developed a set of guidelines
known as good laboratory practices, or GLPs (FDA, 1988), which are now incorporated into the standard
procedures of most testing and analytic laboratories for well-established assays. GLPs are intended to reduce the
chance of contamination (particularly important in the measurement of biologic markers of exposure) or of
changes in biologic variables introduced by sample storage, processing, or measurement (Zeisler et al., 1983).
The application of GLPs to analysis of biologic samples, especially human tissue, has been reviewed by
operational units of the Centers for Disease Control, the National Institute of Standards and Technology
(formerly named the National Bureau of Standards), and various clinical laboratories (ACS, 1980; NCCLS,
1981, 1985). Because most of the biologic markers discussed in this report are still at a research stage,
standardized GLP practices regarding them remain to be established for laboratories.

USE OF BIOLOGIC MARKERS IN RISK ASSESSMENT

Cellular and molecular markers can serve as powerful new tools for the assessment of risks associated with
exposure to environmental toxicants. Markers that indicate the delivery of an internal dose or a biologically
effective dose or the induction of a disease process can be useful in hazard identification—i.e., in the qualitative
step by which an environmental agent is causally associated with an adverse effect. Biologic markers can also be
used to determine dose-response relationships, especially at the low doses relevant to exposure to many
environmental chemicals. In addition, they can be used to quantify actual exposures.

Biologic markers in environmental-health studies offer an opportunity to determine the shape of the lower
end of the dose-response curve in humans—an opportunity that has not yet been used extensively in standard
human epidemiologic or laboratory animal studies. Nevertheless, it is likely to remain uncommon to have
information on concentrations of a toxicant at the site of action within the nervous system.

Many neurotoxic effects can be studied in experiments conducted with doses at which enzymatic
detoxification or activation and other biochemical reactions along the causal chain are not saturated—i.e., at
which the dose-response relationship is still linear. When dose-response relationships are not linear, measures of
dose of active forms of toxicants at relevant sites in the nervous system are important for understanding those
relationships. In addition, the use of biologic markers can help to sort out potential nonlinearities with respect to
dose and can facilitate approaches to four problems critical in predicting neurotoxicity:

» Differences in sensitivity of the individual to neurotoxicants at different stages of life. (The previous report
on biologic markers in reproductive toxicology contains an extensive discussion of neurologic markers of
developmental effects [NRC, 1989b].)

* Protective mechanisms and barriers that vary with respect to developmental age, location in the nervous
system, and degree of metabolic integrity.

* Repair and compensation processes for types of damage that appear to be at least partly reversible under
some conditions of exposure.

+ Differences in pharmacokinetics (absorption, distribution, metabolism, and excretion) between chemicals
and between animals and humans.

It has long been recognized that sensitivity to adverse effects during development can differ dramatically
over short periods—especially during gestation. Developmental signals might be present over short periods at
the intensity required to induce axons to find their targets and for other key physiologic

Copyright © National Academy of Sciences. All rights reserved.
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BIOLOGIC MARKERS IN NEUROTOXICOLOGY 51

and biochemical events to occur; these signals might be disrupted by toxic chemicals. Understanding the
physiologic basis of temporal differences in sensitivity will be a key to determining over what periods exposures
should be aggregated for best experimental and epidemiologic quantification of risks. For example, Marsh et al.
(1987) have shown the relationship between the incidence of a variety of fetal methylmercury effects and the
time of maximal exposures during gestation, as indicated by sequential mercury concentrations in the hair of the
mothers in the Iraqi mass-poisoning incident (see Chapter 1).

It is important to note that, because of the metabolism and the pharmacodynamics of chemical toxicants,
there is a continuing need for the development of better and more accurate markers of internal dose that can be
used to estimate biologically effective doses. That refinement of dose-response modeling is fundamental to risk
assessment.

Neurons do not regenerate in adult life, and some important neurologic conditions (including Alzheimer's
disease, Parkinson's disease, and amyotrophic lateral sclerosis) are associated with progressive cumulative loss
of specific types of neurons. However, considerable numbers of cells can be lost before clinical signs of
impairment are detectable. Thus, exposure to agents causing such loss might proceed without apparent effect for
years. Even after symptoms appear, identifying the potentially relevant exposures among those of a lifetime is
nearly impossible.

Epidemiologic research on neurodegenerative diseases would be greatly facilitated if either or both of the
following types of biologic markers were available:

* Measures of the past accumulation of relevant damage in people who have not yet developed clinical illness.
For example, can our new tools for imaging the brain be applied to develop a census of the relevant cells left
in people of different ages with different past exposures? Imaging methods are being applied to studies of
people exposed to doses of MPTP that have not yet produced clinical effects. It is analogous to the use of
chest x-rays, FEV,, (forced expiratory volume in 1 second), and FVC (forced vital capacity) to assess the
accumulation of chronic respiratory damage (NRC, 1989a).

*  Measures of the current rate of loss of the relevant cells. When cells die, do they release measurable
amounts of a distinctive form of an enzyme or some other cellular component that could be used as a
biologic marker? Distinctive patterns of electric activity in discrete brain regions can be monitored, as can
the integrity of neurochemical systems, e.g., receptor binding, synthetic enzyme activity, and glucose
utilization.

SUMMARY

In toxicology and epidemiology, biologic markers have several major advantages as means of exploring the
relationship between exposures and effects:

* A more complete scientific understanding than a simple input-output analysis based on external dose and the
incidence of disease, by virtue of the incorporation of more relevant information about critical events and
molecular mechanisms.

» The eventual prospect of improving mechanism-based estimations of risk.

» Improved sensitivity, specificity, and predictive value of detection and quantification of adverse effects at
low dose and early in exposure at the cellular or subcellular level.

» The prospect of confirming exposure-related effects and narrowing the search for exposures.

* A better understanding of unique susceptibilities in various population groups.

* A better understanding of disease processes in the nervous system.

Neuroscience and neurotoxicology can be enhanced by directing more research attention
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to quantitative questions—"How much?" "How fast?" "According to what quantitative functional relationship?"—
among the series of causal intermediate processes involved. The role of biologic markers is to measure the steps
of disease processes at as many different points as is feasible and to aid the development of means to stop and
reverse the processes.

[0
(2]
©
o
o
°
O
©
[0}
(2]
£
>
©
o
C
(0]
°
Q
[&]
@®@
C
[0]
[0}
o]
(]
>
®
c
>
@®
IS
[2]
2
]
o
£
(0]
Q
<
Q
[
o
D
o
Qo
>
2
[0]
IS
[e]
[2]
©
C
@®©
5
(0]
£
©
&
[0
o
(0]
Ke)
=
o
c
C
®
o
=
(]
>
[]
3
o
<
&
C
£
@®
IS
£
L
L
=
[$]
(]
Q.
@
D
C
£
[0}
(%]
[0
(o}
>
2
o
(0]
L
<
o
©
C
@®©
o
k]
>
=
2]
D
£
©
@®
(0]
Ny
)
x
[
]
o
o
e
2
o
s
5
<
S
D
c
K9]
(0]
£
©
£
2
=
(]
(0]
<
S
[e]
o

)
>
=
=
o
2
©
]
X
©
i}
ot
Ke)
)
o))
©
o
%)
Q
=
()]
£
=
[}
[}
O
o
>
2
©
£
R
c
e}
i}
<
=
£
o
o
=
=
e}
C
2
[}
o
a
C
o}
o
©
a
©
£
2
=
o
[}
e
£
€
o
=
e
o}
2
©
i}
ot
e}
[%2]
Q
=
|
=
X
IS
o
2
=
e
@
[}
o
Q.
€
e}
[&]
i}
ot
c .
c
=)
» B3
© =
£ 2=
X ©
— —
€58
— c
© Ke]
%, )
2 o
B >
o
o >
s83
5%
c
K] £
b= >
% ©
g 22
w -—
o 7]
s ©
O c
= K]
L ®
D o
Sty
2 o
2y
25s
2%
.s c
Q Ke]
= 2
o
g2
o cE
» =
= S
= o}
5 =
o
2% 3
< >

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1801.html

o
=}
2

=
o
2
@
2]

X
[
)
2

S
o
(o)
@

o
@

o

=
(®))

£

=

£
[
%]
[0
Q.
>

2

©

£

2
=
o
o)

<

s
£
S

E

-
o
e

i~
o
o)

a
=
0]
o
I
o

©

£

2
=
o
o

<

=1
£
o
2

E

°
9]

)
@
)
2
G
0

Qo

=

-

=

X
£
o
2

E

°
[0
%]
o
Q.
£
9
o
)
2
C
[0
o)

o]
(%2}
@

c

=~
<
o
2

©
£

2
=
o
o

<

=]

b
o
c

kel

=1
T

8
c
[
%]
o
2
Q.
0
2

©

=

2

S
2
@)
c

B2

c

'_

é

=

L

[a]

o

R

<

=]
=
=}
o

a

<

[0
(2]
©
o
o
°
O
=
[0}
(2]
£
>
©
Io!
C
(0]
o
Q
[&]
@®@
c
[0
[0}
Ke]
(]
>
©
c
>
@®
IS
[2]
o
]
e
£
(0]
Q
<
Q.
[
o
D
o
o
>
2
(0]
€
(o]
(1)
©
C
©
o
(0]
£
©
&
[0
e
(0]
Ke)
-
o
c
C
®
o
~
(]
>
[}
2
o
N
&
C
E
@®
IS
£
]
o
L
=
[$]
[0
Q.
({J
D
C
£
[0}
(7]
[0
(o}
>
2
o
(0]
L
£
o
©
C
©
%)
@
>
=
2]
D
£
©
©
(0]
Ny
)
x
[
]
o
o
e
2
o
B
%)
L
S
D
c
K}
(0]
£
©
£
2
=
(]
(0]
L
S
o
Ie]

o
iel
=
>3
2
=
=]
©
=
<}
Rel
c
kel
7]
&2
o
>
[
=
=
©
8
=
e}
<
=
>
®©
©
<
£
(2]
©
o
hel
=
T
o
s}
>
a
k2
<=
S
b
s}
c
kel
7]
&2
o
>
=
c
=
S
©
<
£
©
%}
S

TESTING FOR NEUROTOXICITY 53

4

Testing for Neurotoxicity

Diseases of environmental origin result from exposures to synthetic and naturally occurring chemical
toxicants encountered in the environment, ingested with foods, or administered as pharmaceutical agents. They
are, by definition, preventable: they can be prevented by eliminating or reducing exposures to toxicants. The
fundamental purpose of testing chemical substances for neurotoxicity is to prevent disease by identifying toxic
hazards before humans are exposed. That approach to disease prevention is termed "primary prevention." In
contrast, "secondary prevention" consists of the early detection of disease or dysfunction in exposed persons and
populations followed by prevention of additional exposure. (Secondary prevention of neurotoxic effects in
humans is discussed in Chapter 5.)

In the most effective approach to primary prevention of neurotoxic disease of environmental origin, a
potential hazard is identified through premarket testing of new chemicals before they are released into commerce
and the environment. Identifying potential neurotoxicity caused by the use of illicit substances of abuse or by the
consumption of foods that contain naturally occurring toxins is less likely. Disease is prevented by restricting or
banning the use of chemicals found to be neurotoxic or by instituting engineering controls and imposing the use
of protective devices at points of environmental release.

Each year, 1,200-1,500 new substances are considered for premarket review by the Environmental
Protection Agency (EPA) (Reiter, 1980), and several hundred compounds are added to the 70,000 distinct
chemicals and the more than 4 million mixtures, formulations, and blends already in commerce. The proportion
of the new chemicals that could be neurotoxic if exposure were sufficient is not known (NRC, 1984) and cannot
be estimated on the basis of existing information (see Chapter 1). However, of the 588 chemicals used in
substantial quantities by American industry in 1982 and judged to be of toxicologic importance by the American
Conference of Governmental Industrial Hygienists (ACGIH), 28% were recognized to have adverse effects on
the nervous system; information on the effects was part of the basis of the exposure limits recommended by
ACGIH (Anger, 1984).

Given the absence of data on neurotoxicity of most chemicals, particularly industrial chemicals, it is clear
that comprehensive primary prevention would require an extensive program of toxicologic evaluation. EPA

Copyright © National Academy of Sciences. All rights reserved.
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TESTING FOR NEUROTOXICITY 54

has regulatory mechanisms to screen chemicals coming into commerce, but overexposures continue to occur, and
episodes of neurotoxic illness have been induced by chemicals, such as Lucel-7 (Horan et al., 1985), that have
slipped through the regulatory net. Serious side effects of pharmaceutical agents also continue to surface, such as
the 3 million cases of tardive dyskinesia that developed in patients on chronic regimens of antipsychotic drugs
(Sterman and Schaumburg, 1980). It is now possible to identify only a small fraction of neurotoxicants solely on
the basis of chemical structure through analysis of structure-activity relationships (SARs), so in vivo and in vitro
tests will be needed for premarket evaluation until greater understanding of SARs permits them to be used with
confidence.

If neurotoxic disease is to be prevented, public policy must be formulated as though all chemicals are
potential neurotoxicants; a chemical cannot be regarded as free of neurotoxicity merely because data on its
toxicity are lacking. Prudence dictates that all chemical substances, both old and new, be subjected to at least
basic screening for neurotoxicity in the light of expected use and exposure. However, the sheer number of
untested chemicals constitutes a practical problem of daunting magnitude for neurotoxicology. Given the number
of untested chemicals and current limitations on resources, they cannot all be tested for neurotoxicity in the near
future. Testing procedures designed for neurotoxicologic evaluation that have been developed so far might be
reasonably effective, but are so resource-intensive that they could not be applied to all untested chemicals.

A rational approach to neurotoxicity testing must contain the following elements:

» Sensitive, replicable, and cost-effective neurotoxicity tests with explicit guidelines for evaluating and
interpreting their results.

* A logical and efficient combination of tests for screening and confirmation.

* Procedures for validating a neurotoxicologic screen and for guiding appropriate confirmatory tests.

» A system for setting priorities for testing.

This chapter discusses systematic assessment of chemicals for neurotoxic hazards. It begins by describing
biologic and public-health issues that are peculiar to neurotoxicology. It then presents a review of current
techniques for neurotoxicologic assessment to address the question: "How effective are current test procedures
for identify neurotoxic hazards?" Concomitantly, the review seeks to identify gaps and unmet needs in current
neurotoxicity test procedures. Finally, the chapter describes how the regulatory agencies currently evaluate
potential neurotoxicity and how the tests reviewed could be combined in an improved neurotoxicity testing
strategy.

A byproduct of the testing strategy outlined in this chapter will be the development of an array of biologic
markers of neurotoxicity. These markers can be used in future studies of experimental animals, as well as in
clinical and epidemiologic studies of humans exposed to neurotoxicants, as was proposed in Chapter 3.

APPROACH TO NEUROTOXICITY TESTING

Difficulties in Neurotoxicity Testing

Neurotoxicity testing is relatively new. Although its rapid development is noteworthy, its progress has been
constrained by several factors that complicate neurotoxicologic assessment. Some of the complexities, such as
sex- or age-related variability in response, are common to all branches of toxicology. Neurotoxicology, however,
faces unique difficulties, because of several characteristics

Copyright © National Academy of Sciences. All rights reserved.
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that make the nervous system particularly vulnerable to chemically induced damage (Chapter 2). Those
characteristics include the limited ability of the nervous system to repair damage, because of the absence of
neurogenesis in adults; the precarious dependence of axons and synaptic boutons on long-distance intracellular
transport; the system's distinct metabolic requirements; the system's highly specialized cellular subsystems; the
use of large numbers of chemical messengers for interneuronal communication; and the complexity of the
nervous system's structural and functional integration. The nervous system exhibits a greater degree of cellular,
structural, and chemical heterogeneity than other organ systems. Toxic chemicals potentially can affect any
functional or structural component of the nervous system—they can affect sensory and motor functions, disrupt
memory processes, and cause behavioral and neurologic abnormalities. The large number of unique functional
subsystems suggests that a great diversity in test methods is needed to ensure assessment of the broad range of
functions susceptible to toxic impairment. The special vulnerability of the nervous system during its long period
of development is also a critical issue for neurotoxicology.

Despite the inherent difficulties of neurotoxicity testing, some validated tests have been developed and
implemented. Testing strategies must take those facets of the nervous system into account, and they must
consider a number of variables known to modify responses to neurotoxic agents, such as the developmental stage
at which exposure occurs and the age at which the response is evaluated. The issue of timing is complex. During
brain development, limited damage to cell function—even reversible inhibition of transmitter synthesis, for
instance—can have serious, long-lasting effects, because of the trophic functions of neurotransmitters during
neuronal development and synaptogenesis (Rodier, 1986). Kellogg (1985) and others have shown the striking
differences between the effects of perinatal exposure of animals to some neuroactive drugs (e.g., diazepam) and
the effects of exposure of adult animals to the same drugs. Other agents (e.g., methylmercury and lead) are toxic
at every age, but are toxic at lower doses in developing organisms. In addition, in developing animals, the blood-
brain barrier might not be sufficiently developed to exclude toxicants. Stresses later in development might lead
to the expression of relatively sensitive effects that were latent or unchallenged at earlier stages of development.
During senescence, the CNS undergoes further change, including a loss of nerve cells in some regions. CNS
function in senescence could be vulnerable to cytotoxic agents that, if encountered earlier in development, might
have been protected against by redundant networks or compensated for by "rewiring" of networks (Edelman,
1987). To address those complex issues, testing paradigms that incorporate both exposures and observations
during development and during aging need to be considered. The disorders might be acute and reversible or
might lead to progressive disorders over the course of chronic exposure. More sensitive biologic markers as early
indicators of neurotoxicity are urgently needed. Opportunities should be exploited for detecting neurotoxicity
when chronic lifetime bioassays are conducted for general toxicity or carcinogenicity.

In the design of neurotoxicity screens, no test can be used to examine all aspects of the nervous system. The
occurrence of an effect of a chemical on one function of the nervous system will not necessarily predict an effect
on another function. Therefore, it is important to use a variety of initial tests that measure different chemical,
structural, and functional changes to maximize the probability of detecting neurotoxicity or to use tests that
sample many functions in an integrated fashion.

Copyright © National Academy of Sciences. All rights reserved.
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The Testing Strategy

Efficient identification of potential hazards warrants a tiered testing strategy. The first tier of testing (the
screen) need not necessarily be specifically predictive of the neurotoxicity likely to occur in humans, unless
regulatory agencies are to use the results for direct risk-management decisions. The tests in later tiers are
essential to assess specificity and confirm screening results and are appropriate for defining dose-response
relationships and mechanism of action (Tilson, 1990a). Screening tests would be followed, as appropriate, by
more specific assessments of particular functions. Such an approach permits a decision to be made about whether
to continue testing at each step of the progression. In the case of chemicals already in use (in which case people
are already being exposed and financial consequences might be considerable), detailed testing to determine
mechanisms of toxicity would be pursued when screening tests revealed neurotoxic effects; positive findings on
a chemical undergoing commercial development might trigger its abandonment with no further testing.

Testing at the first tier is intended to determine whether a chemical has the potential to produce any
neurotoxic effects—i.e., to permit hazard identification, the first step of the NRC (1983) risk-assessment
paradigm. The next tier is concerned with characterization of neurotoxicity, such as the type of structural or
functional damage produced and the degree and location of neuronal loss. During hazard characterization (the
second step of the NRC paradigm), tests are used to study quantitative relationships between exposure (applied
dose) and the dose at the target site of toxic action (delivered dose) and between dose and biologic response. The
third and final tier of neurotoxicity testing is the study of mechanism(s) of action of chemical agents.

The decision to characterize a chemical through second-tier testing might be motivated by structure-activity
relationships, existing data that suggest a chemical is neurotoxic, or reports of neurotoxic effects in humans
exposed to the chemical, in addition to the results of first-tier testing. Testing at this second tier can help to
resolve several issues, including whether the nervous system is the primary target for the chemical and what the
dose-effect and time-effect relationships are for relatively sensitive end points. Such tests can also be useful in
the determination of a no-observed-adverse-effect level (NOAEL) or lowest-observed-adverse-effect level
(LOAEL). Experiments done at the third tier can also examine the mechanism of action associated with a
neurotoxic agent; they will often involve neurobehavioral, neurochemical, neurophysiologic, or neuropathologic
measures. They might also suggest biologic markers of neurotoxicity for validation and use in new toxicity tests
and in epidemiologic studies.

Characteristics of Tests Useful for Screening

Like any other toxicity test, screening tests for neurotoxicity should be sensitive, specific, and valid.
Sensitivity is a test's ability to detect an effect when it is produced (the ability to register early or subtle effects is
especially desirable). Sensitivity depends on inherent properties of the test and on study design factors, such as
the numbers of animals studied and the amount and duration of exposure. Specificity is a test's ability to respond
positively only when the toxic end point of interest is present. Specificity and sensitivity are aspects of accuracy.
An inaccurate test fails to identify the hazardous potential of some substances and incorrectly identifies as
hazardous other substances that are not. In statistical terms, the failure to identify a hazard is a false-negative
result, and the mistaken classification of a safe substance as hazardous is a false-positive result. Increasing test
specificity reduces the

Copyright © National Academy of Sciences. All rights reserved.
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incidence of false positives, but often has the unwanted consequence of increasing the incidence of false
negatives (decreasing sensitivity); increasing test sensitivity reduces the incidence of false negatives, but often
increases the incidence of false positives.

An ideal screen would have broad specificity, so that it could detect all aspects of nervous system
dysfunction. In practice, no screening procedure is likely to provide the desired coverage without producing false
positives. The sensitivity of the first tier might be maximized by a battery of screening tests that are individually
quite specific. Several durations of exposure, long postexposure observation periods, and lifetime tests might all
be necessary to cover the possible manifestations of neurotoxicity. In a tiered test system, very high sensitivity of
the screening tier is usually considered essential; the loss of specificity must be compensated for in later tiers, to
reveal the false positives. If, however, product development will be aborted on any indication of neurotoxicity,
false positives could have high social costs. In the later tiers, narrower specificity is appropriate to characterize a
suspected toxicant or to establish its mechanism of action.

Validation is the process by which the credibility of a test is established for a specific, purpose (Frazier,
1990). It entails demonstrating the reliability of the test's performance in giving reproducible results within a
laboratory and in different laboratories and giving appropriate results for a control panel of substances of known
toxicity. The usefulness of the results of a neurotoxicity screening test depends on a positive outcome's being
strongly correlated with a neurotoxic effect that is actually caused by exposure to the test substance. Direct
mechanistic causality is not essential for their interpretation, although direct insight into mechanism would be
valuable, as is sought when developing a biologic marker of effect.

Validation of a test system should also include demonstration that positive test results indicate that
neurotoxic effects would occur if humans were exposed to the substance. Predicting an influence on human
affect or cognition with nonhuman test systems is challenging, but possible. Many animal testing models do
produce effects that correspond to those seen in humans exposed to the same substance, but a result would also
be considered valid if it correctly predicted any neurotoxic effect in the human population. For example, consider
a screening test for an effect produced only at high doses that is consistently correlated with a milder,
presumably precursor effect that occurs at lower doses. The easily detectable effect occurring at high doses in
experimental animals might never be observed in humans, whose exposure would never be extreme, but its
occurrence in the animal model might indicate that low-level exposure in humans could produce a more subtle
toxic effect. O'Donoghue (1986) has noted that chemicals that damage axons are often metabolic poisons that
produce a retardation of weight gain without decreasing food intake—a more easily observed end point. It is
important to recognize that chemicals can adversely affect multiple organ systems, and an effect in other organs
might influence some measures of neurotoxicity. In vitro assay systems often measure end points that appear
unrelated to neurologic functioning in whole animals, but detect alterations to crucial underlying mechanistic
processes.

Application of the Screen and Later Tiers

Given the enormous number of substances that have not been tested for neurotoxicity (or any form of
toxicity), some characteristics of chemicals, such as their structure or production volume, must contribute to the
determination of priority for screening. Confidence in the combined sensitivity of tests composing a screening
battery should

Copyright © National Academy of Sciences. All rights reserved.
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be high enough for negative findings to be reliably regarded as acceptable evidence that a substance is unlikely
to have neurotoxic activity without the need for additional testing. If a new chemical gives positive results, there
might nevertheless be academic or commercial interest in pursuing a risk assessment, or its development for use
might be abandoned without further testing. Detailed testing to characterize neurotoxicity revealed by screening
procedures will be more common for existing substances with commercial value or wide exposure. In either
case, the path followed through the tiers of testing would be contingent on a chemical's unfolding toxicity
profile, including types of toxicity other than neurotoxicity. A feasible screening system must strike a balance
among the amount of time and expense that society is willing to expend in testing, its desire for certainty that
neurotoxic substances are being kept out of or removed from the environment, and its interest in gaining benefits
from various types of chemicals.

CURRENT METHODS BASED ON STRUCTURE-ACTIVITY RELATIONSHIPS

Given the overwhelming lack of epidemiologic or toxicologic data on most chemical substances and the
need to develop rational strategies to prevent adverse health effects of both new and existing chemicals, attempts
have been made in many subfields of toxicology to generate predictive strategies based primarily on chemical
structure. The basis for inference from structure-activity relationships (SARs) can be either comparison with
structures known to have biologic activity or knowledge of structural requirements of a receptor or
macromolecular site of action. However, given the complexity of the nervous system and the lack of information
on biologic mechanisms of neurotoxic action, SARs should be regarded as, at best, providing information that
might be useful to identify potentially neuroactive substances. SARs are clearly insufficient to rule out all
neurotoxic activity; it is not prudent to use them as a basis for excluding potential neurotoxicity. Caution is
warranted in interpreting SARs in anything other than the most preliminary analyses. An intelligent use of SARs
requires detailed knowledge not only of structure, but also of each critical step in the pathogenetic sequence of
neurotoxic injury. Such knowledge is still generally unavailable. SAR evaluations form a major basis for EPA
and FDA decisions on whether to pursue full neurotoxicity assessments, so it must be concluded that the
approach of these agencies cannot be expected to provide an adequate screen for identifying neurotoxicants.

SAR approaches are more successful when the range of possible sites of action or mechanisms of action is
narrow. Thus, SARs have had more use in relation to carcinogenicity and mutagenicity than in other kinds of
toxicity. The SAR approaches used in the development of novel neuropharmacologic structures deserve
consideration in neurotoxicology, but they must rest on fuller understanding of neurotoxic mechanisms.

SARs have not been used extensively in neurotoxicology, for several reasons. Many agents are neurotoxic—
from elements, such as lead and mercury, to complex molecules, such as MPTP and neuroactive drugs.
Neurotoxicants have so many potential targets that it is difficult to rule out any chemical a priori as not likely to
be neurotoxic. Finally, for most neurotoxicants, even those which are well characterized, data on the mechanism
of action at the target site are insufficient for the elucidation of useful SARs.

SARs have proved useful in some cases—usually, within particular classes of compounds on which some
mechanistic data are available. Extensive studies of anticholinesterase organophosphates and carbamates, for
example, have led to a mechanistic

Copyright © National Academy of Sciences. All rights reserved.
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model that requires a structure that binds to a specific site on the cholinesterase molecule and to the
establishment of an SAR for cholinesterase inhibition. The SAR is relatively straightforward, in that enzyme
inhibition is the primary action that leads to various symptoms of poisoning. Another series of studies has been
conducted in an attempt to develop an SAR for the pyrethroid insecticides. Although the nerve membrane
sodium channel has been identified as the critical target site of pyrethroids, studies have failed to establish a
clear-cut SAR, despite the large number of pyrethroids synthesized and tested. However, the importance of the d-
cyano group in distinguishing two behavioral manifestations (choreoathetosis and salivation versus tremor) and
the importance of the ester moiety in pyrethroid SAR are well documented (Aldridge, 1990). A more
comprehensive SAR for pyrethroids is lacking partly became most studies were performed with insecticidal
action as a measure of activity, not the interaction with the sodium channel. Action at the target site must be
known to establish an SAR. However, insecticidal potency involves factors other than recognition at the target
site, including absorption and metabolism. As the mechanism of action of n-hexane and methyl n-butylketone
neurotoxicity becomes more clear, so does the capacity to look at an alkane or ketone and predict its neurotoxic
potential. The critical issue in the neurotoxicity of such a chemical is whether it will be metabolized to a y-
diketone; a-, B-, and d-diketones are less likely to be neurotoxic (Krasavage et al., 1980; Spencer et al., 1978),
but most y-diketones and y-diketone precursors cause a specific type of neurotoxicity, a motor-sensory peripheral
neuropathy caused by neurofilament abnormalities. The gamma spacing of the two ketone groups allows
formation of the five-membered heterocyclic ring, the pyrrole, except where steric hindrance is present (Genter
etal., 1987).

CURRENT IN VITRO PROCEDURES

In vitro procedures for testing have practical advantages, but studies must be done to correlate their results
with responses in whole animals. One advantage of validated in vitro tests is that they minimize the use of live
animals. Some of the more developed in vitro tests might be simple and might not have to be conducted by
highly trained personnel, but, as with many in vivo tests, the analysis and interpretation of results is likely to
require expertise. Some in vitro tests lend themselves to computer-controlled automated operation, as do some
well-developed, highly sophisticated behavioral tests (see, for example, Evans, 1989), and that results in savings
in time and expense and allows testing of large numbers of substances. Experience with the Ames test for
mutagenesis confirms the advantages of in vitro procedures, but also illustrates the problems that arise when an
assay is used to predict an end point that is not exactly what it measures (e.g., carcinogenicity, rather than
specific sorts of genotoxicity).

Biochemical Assays

Biochemical assays epitomize the advantages of in vitro tests. Their current usefulness, however, is limited
to substances in a very few chemical classes. Their usefulness will no doubt increase as the molecular basis of
action of other classes of neurotoxicants becomes known.

Neurotoxic chemicals exert their effects via specific molecular interactions with biologic targets. For a few
toxicants, the molecule that is affected is well established, and it is possible to investigate the potential toxicity of
other substances in the same class with a biochemical assay. An example of this approach is the enzyme-
inhibition assay of organophosphorus (OP) esters. Some OP esters cause a distal polyneuropathy that is

Copyright © National Academy of Sciences. All rights reserved.
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not evident until several days after exposure (OP-induced delayed neuropathy, or OPIDN). There is now good
evidence (Abou-Donia, 1981) that the capacity of a given OP ester to cause OPIDN correlates strongly with the
relative inhibition of a CNS enzyme activity called neurotoxic esterase. The enzyme activity is easily measured
in a test-tube assay, and the addition of OP esters and OP-like compounds to the assay allows one to screen for
ability to inhibit the enzyme and thus for its potential to produce OPIDN (Johnson, 1977). The ease of this assay
is complicated, however, by the precautions necessary to protect the technicians performing the assay from
exposure to potentially highly neurotoxic substances. Many OP compounds also produce an immediate toxic
effect via inhibition of another enzyme, acetylcholinesterase. A test-tube assay of that enzyme's activity can
serve as a screen for such acute neurotoxicity.

Tissue Culture

The study of in vitro systems has provided much fundamental information of value in understanding the
nervous system in vivo, and in vitro investigations have sometimes been invaluable in guiding in vivo
neurotoxicologic research. The physiologically excitatory actions of some amino acids (for example, glutamate
and aspartate) on neurons can become pathologic, and brain lesions can be produced by amino acid analogues,
such as kainate or quisqualate. In vitro systems are being used extensively to study the mechanisms of the
neuronal injury produced by those agents and to identify antagonists that might be useful in reducing excitotoxic
brain damage. In vitro studies can also identify compounds with a high neurotoxic potential that might merit
study in intact organisms. An example is f-N-methylamino-L-alanine (BMAA), a constituent of a dietary plant,
the false sago palm. BMAA was initially identified as an excitotoxic amino acid in cultures of tissue from spinal
cord and cerebral cortex. That led to experiments with primates that showed that BMAA produces motoneuronal
lesions in the cortex and spinal cord.

A broad range of tissue-culture systems are available for assessing the neurologic impact of environmental
agents. Although those systems are not now used for hazard detection, they can be used to characterize chemical-
induced effects. They can be classified according to their increasing complexity, from cell lines to organ cultures.

* Cell lines. Neuronal and glial cell lines have been used in many neurobiologic studies and are valuable in
neurotoxicology. They consist of populations of continuously dividing cells that, when treated appropriately,
stop dividing and exhibit differentiated neuronal or glial properties. Various neuronal lines, for instance,
develop electric excitability, chemosensitivity, axon formation, transmitter synthesis and secretion, and
synapse formation. Large quantities of cells can be generated routinely to develop extensive dose-response
or other quantitative data. For example, the dose range over which a group of chemicals affect cell
differentiation and proliferation was established in neuroblastoma cells (Stark et al., 1989). Those are tumor
cells, however, so the interpretation of such data with regard to toxicity in the intact nervous system must be
guarded. A culture system for nontransformed neural cells was recently announced (Ronnett et al., 1990).

» Dissociated cell cultures. When neural tissue, typically from fetal animals, is dissociated into a suspension
of single cells, and the suspension is inoculated into tissue-culture dishes, the neurons and glia survive,
grow, and establish functional neuronal networks. Such preparations have been made from most regions of
the CNS and exhibit highly differentiated, site-specific properties that constitute an in vitro model of
different portions of the CNS. Most of
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the neuronal transmitter and receptor phenotypes can be demonstrated, and a variety of synaptic interactions
can be studied. Glial cells are also present, and neuroglial interactions are a prominent feature of the
cultures. A substantial battery of assays (neurochemical and neurophysiologic) is now available to assess the
development of the cultures and to indicate toxic effects of test agents added to the culture medium.
Relatively pure populations of different cell types can be isolated and cultured, so that effects on specific
cell types can be assessed independently. Pure glial cells or neurons, or even specific neural categories, can
be prepared in this way and studied separately, or interaction between neurons and glial cells can be studied
at high resolution. The neurobiologic measures used to assess the effect of any agent can be very specific
(for example, activity of a neurotransmitter-related enzyme or binding of a receptor ligand) or global (for
example, neuron survival or concentration of glial fibrillary acidic protein). The two-dimensional character
of the preparations makes them particularly suited for morphologic evaluation, and detailed
electrophysiologic studies are readily performed. The toxic effects and mechanisms of anticonvulsants,
excitatory amino acids, and various metals and divalent cations have been assessed with these preparations.
The cerebellar granule cell culture system, for example, has been exploited recently in studies of the
mechanism of alkyllead toxicity (Verity et al., 1990).

* Reaggregate cultures. A related but distinct preparation made from single-cell suspensions of neural tissue is
the reaggregate culture. Instead of being placed in culture dishes and allowed to settle onto the surface of the
dishes, the cells are kept in suspension by agitation; under appropriate conditions, they stick to one another
and form aggregates of controllable size and composition. Typically, the cells in an aggregate organize
themselves and exhibit intercellular relations that are a function of and bear some resemblance to the brain
region that was the source of the cells. The cells establish a three-dimensional, often laminated structure,
perhaps approximating the in vivo nervous system more closely than do the dissociated cultures grown on
the surface of a dish. Reaggregate cultures lend themselves to large-scale, quantitative experiments in which
neurobiologic variables can be examined, although morphologic and ligand-binding studies are performed
less readily than with surface cultures.

» Explant cultures. Organotypic explant cultures are even more closely related to the intact nervous system.
Small pieces or slices of neural tissue are placed in culture and can be maintained for long periods with
substantial maintenance of structural and cell-cell relations of intact tissue. Specific synaptic relations
develop and can be maintained and evaluated, both morphologically and electro-physiologically. Because all
regions of the nervous system are amenable to this sort of preparation, it is possible to analyze toxic agents
that are active only in specific regions of the central or peripheral nervous system. Explants can be made
from relatively thin slices of neural tissue, so detailed morphologic and intracellular electrophysiologic
studies are possible. Their anatomic integrity is such that they capture many of the cell-cell interactions
characteristic of the intact nervous system while allowing a direct, continuing evaluation of the effects of a
potentially neurotoxic compound added to the culture medium. The process of myelination has been studied
extensively in explant cultures, and considerable neurotoxicologic information has been gained. As noted
above, the pathogenetic actions of excitatory amino acids normally active in the nervous system, as well as
such analogues as the neurotoxin BMAA, have been revealed by experiments with organotypic cultures.

* Organ Cultures. A preparation similar to an explant culture is the organ culture, in which an entire organ,
such as the inner ear or a ganglion, rather than slices or fragments,
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is grown in vitro. Obviously, only structures so small that their viability is not compromised can be treated

in this way.

The advantages of the various types of in vitro systems are summarized in Table 4-1. Most in vitro
preparations are made from young, usually prenatal animals. (But cultures derived from human neural tissue
have been the object of a number of studies.) Typically, a period of rapid change and development occurs
immediately after the cultures are initiated, and conditions become much more stable if the cultures are
maintained for weeks or months. Thus, the preparations can be used to study neurotoxic effects that might be
specific to developing nervous tissue and to compare the effects of agents in developing stable tissue.

In general, the technical ease of maintaining a culture varies inversely with the degree to which it captures a
spectrum of in vivo characteristics of nervous system behavior. The problem of biotransformation of potentially
neurotoxic compounds is shared by all, although the more complete systems (explant or organ cultures) might
alleviate this problem in specific instances. In many culture systems, complex and ill-defined additives—such as
fetal calf serum, horse serum, and human placental serum—are used to promote cell survival. A number of
thoroughly described synthetic media are now available, however, and such fully defined culture systems can be
used where necessary. Indicators of neuronal and glial function, and hence indicators of neurotoxicity, are
outlined in Table 4-2.

Plausibility of an In Vitro Screening Battery

A broad range of in vitro systems are now available for studying development of the nervous system and the
normal function of neurons and glial cells. The possible neurotoxic impact of any chemical on any specific
neurobiologic variable could, in principle, be screened with an appropriate set of in vitro tests. In practice, of
course, because the number of potential neurobiologic end points to be measured is so large, screening for the
effects of any agent on all of them would be prohibitively expensive in time and money. The question, then, is
whether a feasible battery of tests will pick up an acceptably large percentage of toxic chemicals (while
generating an acceptably low percentage of false positives). Ideally, the screen would

TABLE 4-1 In Vitro Neurobiologic Test Systems

Culture Type Comparablity to In Vivo System®  Mechanistic Analysis*  Features

Cell line + ++++ Large quantities of material

Dissociate cell culture  ++ +++ Good accessibility for study

Reaggregate culture +++ ++ Three-dimensional structure

Explant culture ++++ ++ Good approximation of intact
sytems

Organ culture ++++ + Less long-term survival than

other models

“Number of pluses reflects estimated relative advantage and represents the committee's judgment.
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TABLE 4-2 Markers for Assessing Neurotoxicity in In Vitro Systems

Degree of Difficulty?

General neuronal measures
Cell number

Tetanus-toxin binding
Neurofilament protein
Neuronal structure

General glial measures

Glial fibrillary acidic protein
Oligodendrocyte probe 3
Transmitter systems

Amino Acid

Excitatory

Inhibitory 1
Cholinergic

Choline acetyltransferase 1
Muscarinic and nicotinic receptors
Aminergic

Norepinephrine

Serotonin

Dopamine

Peptidergic

Vasoactive intestinal peptide 3
Substance P

Enkephalin

Cell biologic responses

Second messengers

Cyclic nucleotide

Phosphoinositide turnover
Phosphorylation

Calcium-dependent transmitter release
Voltage-dependent NA* or Ca?* uptake

N W —

[\

NS O3 )

w W

N W W W W

2The higher the number, the more difficult to measure. This represents the committees judgment.

provide direction for the more intensive study of substances that it identifies as having neurotoxic potential.
To what extent could an in vitro system provide such a screening instrument? Two basic questions are
associated with the use of in vitro tests for that purpose:

» What indicators of neuronal (or glial) damage would be sufficiently general to be useful?
* What specific test systems or combinations would be adequate to cover a number of different and
differentially site-specific neurotoxic agents?

The first question might be answered by a combination of assays that would include general indicators of
neuronal and glial survival and a few more specific indicators. Counts of numbers of surviving neurons (or glia)
and biochemical measurements of tetanus-toxin-specific or sodium-channel-specific ligand binding could be
used as general indicators. Uptake of y-aminobutyric acid (GABA), benzodiazepine binding, and cholinergic and
aminergic markers could be used, depending on the neural system chosen, to get some indication of
neurotransmitter-related functions. If a chemical has a single very specific neurologic target, this would in
general be missed, but it might be anticipated that such a specific effect would be accompanied by more general
secondary neuropathologic consequences. For instance, if spinal-cord or cerebral cortical cell cultures are
exposed to the specific voltage-dependent sodium channel blocker tetrodotoxin for 4-5 days, the decrease in
electric activity kills about half the neurons.

As to the second question, the choice of culture systems to be used is difficult. It is axiomatic that no cell
culture represents a normal nervous system. Even in cocultured explants, the normal connections among cells are
disrupted. Specific neurobiologic properties have been shown not to be expressed in various in vitro preparations
where they

Copyright © National Academy of Sciences. All rights reserved.
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TESTING FOR NEUROTOXICITY 64

might be expected. For instance, in dissociated hippocampal pyramidal cells, serotonergic responses cannot be
demonstrated; the responses appear during development in vivo, but appropriate signals that induce their
expression are evidently lacking in vitro. It is impossible to predict how such departures from normality will
influence the screen's ability to detect the effects of a test substance. Some compromise between
comprehensiveness and fiscal feasibility would have to be made. Neural and glial cell lines are available and
relatively straightforward technically. Robust versions of cerebral-cortex, spinal-cord, and subcortical systems
are available either as dissociated preparations or in explant form. Indeed, essentially all regions of the nervous
system are being grown in vitro in one form or another. If a candidate neurotoxic material has properties that
suggest site-specific activity, obviously one would include its putative target in a test battery. If no such
information is available, then some arbitrary panel of test systems would have to be used.

Even if these two questions are answered, cell-culture techniques have several remaining disadvantages
when used as screens. A given toxicant may require metabolism outside the nervous system to produce a toxic
metabolite, so exposure to the toxicant in vitro may give a false-negative result; conversely, the chemical might
be detoxified before reaching the nervous system. A related disadvantage might be low solubility of a given
toxicant in an aqueous culture medium, which could limit the quantity of toxicant to which the cells are actually
exposed. A related problem concerns the lack of a blood-brain barrier in in vitro experiments. Toxicity could be
attributed to a compound that would not reach the brain, either at all or in sufficient concentration to cause
toxicity, in in vivo exposure. Last, and most important, the more complex functions of the nervous system are
properties of assemblies of neurons. Learning, memory, emotions, the coordination of movement, and
homeostatic regulation, for instance, cannot be studied in vitro.

Despite those disadvantages, some applications of cell cultures are nearly ready for use in neurotoxicity
screening. Several indicators of glial and neuronal function in vitro can be used as biologic markers of effect
(Table 4-2). In vitro systems have been extremely useful in identifying and analyzing excitotoxic materials. Also,
in vitro demonstrations of neurotoxicity of anticonvulsants based on both general and specific indicators have
been corroborated by clinical studies of IQ decrements related to phenobarbital treatment in children. Many
neurotoxicants attack the glial cells that form myelin sheaths around axons, and cell cultures can demonstrate
chemically induced myelin abnormalities; this has been shown with the myelin abnormalities produced by
methylmercury (Kim, 1971), thallium. (Spencer et al., 1985), triethyltin (Graham et al., 1975), and several other
substances. Tests on cultures can also detect toxic damage to neurons themselves. For example, aluminum
neuronopathy is reproduced in cultures of dorsal root ganglion cells (Seil et al., 1969), and the axonal
degeneration characteristic of y-diketone toxicity is reproduced in organotypic cocultures (Veronesi et al., 1978).
Furthermore, as noted in Chapter 2, the cells of the CNS are uniquely dependent on a high rate of glucose
metabolism; many neurotoxicants impair neural glucose metabolism (Damstra and Bondy, 1980), and this toxic
mechanism could be reflected in a decrease in the viability of cultured cells.

A somewhat arbitrary, but specific, protocol for developing a set of in vitro tests for screening is presented,
for illustrative purposes, in Table 4-3. It is an empirical question whether such a battery of in vitro tests could
contribute importantly to neurotoxicologic screening of a broad range of environmental agents. Research needs
to be done with known neurotoxic agents and related compounds to see whether culture systems can reliably
identify dangerous

Copyright © National Academy of Sciences. All rights reserved.
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TESTING FOR NEUROTOXICITY 65

TABLE 4-3 Proposed Protocol for Developing an In Vitro Neurotoxicity Screening System

1. Test candidates representing various types of potential neurotoxicants, e.g., anticholinesterases, excitatory amino
acids, trimethyl tin.

2. Use three concentrations, e.g., less than, equal to, and greater than in vivo toxic concentrations.

Use three types of preparation, e.g., PC12 cells, dissociated neurons and glia of cerebral cortex, and explants of

dorsal root ganglia and spinal cord.

4. Study developing (0-2 weeks in vitro) and mature (> 2 weeks in vitro) preparations.

5. Evaluate appropriate end points, such as cell counts, glial fibrillary acid protein, structure, choline acetyltransferase,
and glutamic acid decarboxylase.

6.  Use inactive isomers or analogues as negative control agents.

had

substances and distinguish them from related, but inactive or less active, substances. Analyses of the
contributions of short-term in vitro tests to neurotoxicity are for less developed and for fewer in number than
analyses of in vitro tests in other fields, e.g., carcinogenesis (Lave and Omenn, 1986).

It should be possible to define the goals of such research to be finite and realizable. The question may be
framed as follows: What is the smallest set of tests that gives positive indicators of neurotoxicity for all of a
control panel of compounds known to have diverse neurotoxic properties? Of equal importance, and perhaps
more difficult, would be the evaluation of presumably nonneurotoxic substances to preclude a high rate of false
positives. One might start with a fairly inclusive set of test cultures, such as of cerebral cortex, brain stem,
cerebellum, spinal cord, sympathetic ganglion neurons, and a continuous cell line, such as PC12 cells. Global
assays, such as cell counts and tetanus-toxin binding, would be initial indicators, and specific neurotransmitter-
related probes could be used as appropriate. The essential feature of such an effort is the reliability of the culture
systems. Reliability typically is achieved only after a fairly long period of use in a given laboratory.

It will be difficult to cover all end points of concern with a modest number of in vitro assays. Whole-animal
tests have the potential of exploiting the integrative nature of behavior, thereby covering a diversity of adverse
end points that might result from exposure to neurotoxic agents. It might be more efficient to screen with in vivo
tests and use an in vitro approach when concentrating on specific mechanisms of action. A goal of research
directed at development of adequate neurotoxicologic methods should be to combine behavioral testing on intact
animals with selected in vitro tests. Can some behavioral tests be replaced by less expensive in vitro tests without
loss of diagnostic power? Can individual behavioral tests function as well as or better than groups of in vitro
tests? One might start with the study of Tilson (1990a) as a base and complement it with in vitro study of the
same chemicals. The results might lead to a choice of tests that will yield an optimal combination of broad
coverage and low cost.

CURRENT IN VIVO PROCEDURES

Neurotoxic effects on complex integrative functions—such as motor performance, sensory

Copyright © National Academy of Sciences. All rights reserved.
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TESTING FOR NEUROTOXICITY 66

acuity, memory, and cognitive processes—can be detected only in vivo. Moreover, the neural activities that
mediate integrative function involve large numbers of neurons relatively distant from each other. Integration may
be disrupted by the removal and isolation of neural tissue that is necessary for some in vitro techniques, but
neurotoxic effects of relatively low exposures involving integrative functions can be detected in whole animals.

Species differ in their susceptibility to various toxic agents and the degree to which their nervous systems
resemble that of humans. Tests using species closest to humans would logically yield the data about which we
could feel most confident; however, various considerations—including cost, ethics, and the extent of pre-existing
data bases—favor the use of small laboratory rodents, such as mice and rats, for in vivo hazard identification and
characterization. Table 4-4 lists commonly reported neurotoxic effects of several classes of toxic chemicals in
humans and animals. It is apparent from the list that motor disturbances, mood alteration, and sensory
abnormalities are especially common in humans, but that the findings in animals are only sometimes
comparable. Species differences might account for some of these discrepancies; however, it is not clear that
animal tests always are intended to be or can be exactly comparable with human tests.

Testing for neurotoxicity in humans implies that exposure has occurred. Such testing is therefore considered
a means of secondary prevention, so the testing methods specifically for humans are discussed in Chapter 5.

Behavioral Assessment

Chemical-induced functional alterations of the nervous system are often assessed with behavioral
techniques. Perhaps the greatest scientific challenge to neurotoxicology is to integrate observations of behavior
with other aspects of neurobiology—such as morphology, neurochemistry, and neurophysiology—to develop a
unified theory not only of toxicity, but also of the nervous system. By itself, behavior is an important end point,
even if its biologic substrates have not been clearly identified. Numerous behavioral techniques are available to
measure chemical-induced alterations in sensory, motor, autonomic, and cognitive function (Table 4-5).

Behavioral methods differ greatly in their complexity and specificity. At one extreme, some methods (e.g.,
some observational tests) can be applied broadly and routinely to assess the neurotoxicity of a wide array of
chemicals and chemical exposures; that is, they are useful in hazard identification. Such tests typically
incorporate responses already well established in an organism. Other methods require instrumentation or training
of the animals before chemical exposure; although they might not be appropriate for the routine screening (tier 1)
of chemicals for neurotoxicity, they could be used for characterization of toxicant-induced effects (tier 2).

Functional Observational Batteries

Functional observational batteries (FOBs) are designed to detect and measure major overt neurotoxic
effects. Several have been used, each consisting of tests generally intended to evaluate various aspects of
sensorimotor function (EPA, 1985; Haggerty, 1989; Kulig, 1989; Moser, 1989; O'Donoghue, 1989). FOB tests
are essentially clinical examinations that detect the presence or absence, and in some cases the relative degree, of
specific neurologic signs.

Screening neuroactive chemicals with an FOB is well established. Irwin (1968), for example, described a
series of tests for evaluating the effects of drugs in mice and showed how different drugs produced different
patterns of effects that could be easily recognized. Gad (1982) described a battery

Copyright © National Academy of Sciences. All rights reserved.
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of tests for assessing the neuromuscular effects of industrial chemicals in rats. More recently, Moser and
colleagues (Moser et al., 1988; Moser, 1989) developed a similar battery for assessing the neurobehavioral
effects of a broad range of industrial and pesticidal chemicals in rats.

FOBs are sets of observations and tests each made on individual experimental animals; e.g., the FOB
suggested by Moser (1989) is presented in Table 4-6. It is assumed that many of the individual observational
components overlap in the neurologic functions that they assess (autonomic function, motor function,
equilibrium, excitability, and sensorimotor reflexes). Therefore, if several unrelated observed end points in an
entire FOB were affected, there would be little concern about a chemical's neurotoxicity. If several unrelated
neurologic functions were affected, but only at high doses and in conjunction with other overt signs of toxicity,
including death or debilitation, there would be more concern. If several related functions were affected and the
effects appeared to be dose- and time-dependent, there would be still more concern. As the number of chemicals
tested for neurotoxic potential increases, many different combinations of affected functions will emerge.
Deciding which combinations of positive findings indicate the need to continue testing will not be trivial.

From many standpoints, FOBs have shortcomings. Most of their observations are semiquantitative. The
sensitivity, reliability, and reproducibility of some have not been well documented. This deficiency can often be
overcome by using more quantitative methods. For example, extensor thrust and grip strength can be measured
with simple devices that use a strain gauge (Cabe and Tilson, 1978; Meyer et al., 1979). Hindlimb splay can be
measured by inking the animal's paws, dropping it onto a sheet of paper, and measuring the distance between the
footprints (Edwards and Parker, 1977). Equilibrium and muscle coordination can be measured by the length of
time a rat can maintain itself on a rotating rod (Bogo et al.,

TABLE 4-6 End Points That Might be Included in a Functional Observational Battery®

In Home Cage and Open Field Manipulative Physiologic
Posture®(D) Ease of removal(R) Body temperature (1)
Convulsions and tremors®(D) Ease of handling(R) Body weight (I)
Palpebral closure®(D) Palpebral closure®(R)

Lacrimation®(R) Approach response®(R)

Piloerection(Q) Click response®(R)

Salivation®(R) Tail-pinch response®(R)

Vocalizations®(Q) Righting reflex(R)

Rearing®(C) Landing foot splay(I)

Urination®(C) Forelimb grip strength®(I)

Defecation®(C) Hindlimb grip strength(I)

Gait®(R) Pupil response(Q)

Arousal®(R)

Mobility(R)

Stereotypy(D)

Bizarre behavior

aType of data yielded: D, descriptive; R, rank-order, scalar, Q, quantal data; I, interval, continuous; C, count.
bSpecified in EPA guidelines (1986).
Source: Moser (1989).
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1981). Tremor can be characterized with automated devices (Gerhart et al., 1985; Newland, 1988). Many studies
have shown that the observations commonly included in FOBs can detect the effects of known neurotoxicants
(Haggerty, 1989; Kulig, 1989; Moser, 1989; O'Donoghue, 1989).

Motor Activity

Motor activity includes a broad class of behaviors involving coordinated participation of sensory, motor,
and integrative processes (MacPhail et al., 1989). Motor activity has several advantages for testing: it is
noninvasive; motivational procedures, such as food deprivation, are not needed to produce it; and its recording is
usually automated, and that reduces experimenter-animal interactions (Maurissen and Mattsson, 1989). Many
studies have shown that motor activity can be affected by psychoactive and neuroactive chemicals (Reiter and
MacPhail, 1979; Tilson, 1987; MacPhail et al., 1989). MacPhail et al. (1989) evaluated motor-activity measures
and found them highly consistent across replications. The sensitivity of motor-activity measures in detecting
reproducible neurotoxic effects is generally comparable with that of more sophisticated measures of
neurobehavioral function.

Although motor-activity measures are often used to identify neurotoxic chemicals, they have disadvantages,
particularly with regard to specificity of adverse effects on the nervous system. It has been argued that the results
of motor-activity tests alone lack specificity and do not often provide information useful for later testing or
characterization (Maurissen and Mattsson, 1989). However, specificity might not be as important in hazard
identification as consistency and sensitivity. Motor-activity measurements are commonly used in conjunction
with FOBs.

Schedule-Controlled Operant Behavior

Schedule-controlled operant behavior (SCOB) involves the maintenance of behavior (performance) by
intermittent reinforcement. Different patterns of behavior and response rates are contr