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I. CONTRASTS BETWEEN HUMAN AND ANIMAL EXPOSURE

In the case of reports on human exposure, behavioral changes can only be related to
pathological studies of postmortem tissue or to physiological studies on the exposed subject.
While blood and urine samples have been used to detect abnormal levels of toxicants (such
as lead), these samples give little indication of the detailed nature of damage to the nervous
system. However, neurotransmitter-related characteristics of serum platelets may be of use
in diagnosis of a variety of psychiatric and neurological disorders.®*?”'3! Alterations of
platelet o, adrenergic receptors under some conditions can be taken as representative of
changes of the corresponding receptor species with central nervous tissue.?? This approach
has been criticized as inappropriate in several circumstances.*® However, some blood-based
assays have been demonstrated to have clinical value in assessment of neurotoxic damage.
For example, erythrocyte levels of sedium-potassium-dependent ATPase are depressed in
miners receiving an occupational exposure to mercury.'*' Erythrocyte fragility has been
proposed as a sensitive test for neurotoxic organic solvents and a correlation between hem-
olysis and neurotoxicity has been made.'® Such an approach could be of value in detection
of neurotoxic damage in humans.

Another limitation of data derived from humans is that subtle behavioral changes are often
not recognized. However, undramatic sensory, motor, or psychic deficits may critically
affect a person’s judgment or ability to optimally carry out tasks. Unfortunately, all too
often the first indication that a compound is harmful comes from rather undetailed reports
of rather major damage to humans.

One of the ultimate goals of the toxicological study of animals is to understand and predict
parallel events that might occur in humans. This is not an easy extrapolation since changes
in rats tend to be most predictive of changes in other rats. Not only do species vary
considerably in their metabolic treatment of toxic agents, but even different strains within
a species can have very distinct responses.'” Such biological features are relatively minor
in comparison to the enormous behavioral diversity among species. Another limitation is
that human exposure to toxicants tends to involve many variables, as opposed to the defined
experimental situation in the laboratory. These unknown variables can seriously modulate
the harmfulness of a toxicant. For example, heavy metals in combination can either antag-
onize or exacerbate each other’s toxicity. A mixture of mercury and lead salts can act in a
very strongly synergistic manner'** as can concurrent administration of manganese and lead.*
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Antagonistic effects between various toxic agents have also been described. Methyl mercury
toxicity is alleviated by cadmium, another toxic metal, so that a mixture of both compounds
is less toxic than either alone.®® Such interactions may be very critical in environmental
situations and the search for synergism and antagonism is an important area.''® Because of
the large number of potential interactions that are not merely additive, laboratory studies
may throw light on “‘why a compound is harmful,’’ but cannot easily approach the question
of *“‘whether the compound is harmless under a variety of conditions."’

The choice of an experimental species involves several factors. Some of these are scientific
such as metabolic and anatomical characteristics, while some are not, such as the availability
and cost of a species. The limited availability of data relating cell biology to behavior in
normal untreated animals may also limit an unambiguous correlation of toxic events and
behavioral change.

[I. PROBLEMS OF EXPERIMENTAL DESIGN AND INTERPRETATION OF
DATA

A. Experimental Design

There are two conflicting concepts concerning the design of studies intended to increase
understanding of the mechanisms of toxicity. One of these approaches stresses the importance
of a sound hypothesis preceding experimentation. Studies are then carried out, that relate
to this hypothesis so that the extent to which it is pertinent can be evaluated. It is desirable
to use a variety of unrelated methods which can test a given theory by relatively independent
means. This approach has an inherent bias in that it is focused so as to largely eliminate
the consideration of alternatives.

The second means of throwing light on toxicity is to carry out a broad series of meas-
urements that are not directed towards a specific hypothesis. This may be a relatively objective
procedure but tends to be diffuse and time consuming. The inherent weakness of each of
the two designs can be reconciled by initially using a broad conceptual framework as a
means of pinpointing those parameters that are vulnerable to toxic attack. The data from
this approach can then form the basis of a more detailed hypothesis which can then be tested
by more targeted techniques.

An example of this ‘‘research by ever increasing resolution’ is our work on acrylamide.
The initial hypothesis was that certain neuronal circuits were more vulnerable than others
to this neurotoxic agent. A series of receptor binding assays suggested that dopaminergic
circuitry was especially affected by acrylamide.' This prompted the development of a more
focused approach including regional analysis of levels of dopamine and its metabolites and
demonstration that treated animals were unusually sensitive to drugs believed to act on the
dopamine system.>® The resolution increased as other questions were asked:

I. Is the affected dopamine receptor pre- or postsynaptic?%’
2. Is the active agent acrylamide or a metabolite thereof??
3. Are such changes mediated by the endocrine system?'®®

However, the primary mechanisms of action of acrylamide on the central nervous system
remain elusive.

Several other factors impinge on experimental design. For example, the availability of
space or funds may dictate the animal species and methodology used. The generation of the
most meaningful data for the least cost is usually a major issue. Another consideration is
what constitutes the final goal of an investigation. Increased knowledge about the primary
mechanism of action of a neurotoxic agent may require relatively high doses of that agent
to be administered for a short period. However, attempts to develop an animal model
exhibiting changes similar to those seen in exposed humans may involve long times of
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exposure to relatively low doses of toxicants. The latter situation may involve many complex
indirect effects that are difficult to understand but highly relevant to the real life hazards
presented by a chemical. The biochemical study of neurotoxicity can have several goals,
and each objective requires a differing research strategy. Thus, it is important to clearly
define the goal one is persuing. Two examples of these follow.

1. The Detection of Initial Sites of Impact of a Neurotoxic Agent

This goal is of value in furthering our understanding of the direct mechanisms involved
in the initiation of toxicity. Such work may be oriented toward the more ubiquitous types
of cell component. General metabolic events such as rates of oxidative phosphorylation and
macromolecule synthesis may find neurological expression, when altered throughout an
animal. One feature of the approach of identifying the initial sites of action of xenobiotics
is that the opportunity exists of reproducing such effects in vitro. This allows interactions
to be studied under more defined conditions and strengthens the argument that a primary
event is involved. Thus, lead will inhibit 8-aminoleuvulinic acid-dehydratase in vivo and in
vitro,''® suggesting a direct action on the heme biosynthetic pathway.

Direct sites of action of neurotoxic chemicals may not always be within the nervous
system. Many chemicals are metabolized by enzymes to form toxic materials. The liver is
especially capable of both detoxification and ‘‘toxification’ reactions. Tetraethyl- and te-
tramethyl-lead compounds appear to be hepatically metabolized to more neurotoxic materials
than they themselves are.” Damage to peripheral glands such as testis or adrenals can upset
the normal hypothalamohypophyseal feedback mechanisms by which their secretion is reg-
ulated. For example, while manganese is generally thought to directly damage certain nerve
pathways, it also has a damaging effect on the testis.™ The resulting reduction in testosterone
levels®-** may also modify an animal’s behavioral characteristics.

For these reasons, the distinction between a neurotoxic chemical and a generally toxic
chemical is by no means a clear one. In addition, the ultimate expression of all forms of
toxicity has a behavioral component.

2. The Correlation of Behavioral Changes Caused by Toxic Agents, with Alterations of
Nerve Transmission

This type of study attempts to account for the altered behavior of animals treated with a
toxic agent, in terms of deranged underlying neuronal circuitry. This involves the measure-
ment of chemicals or phenomena that are confined to distinct physiological and morphological
components of nerve tissue. Such changes may be indirect and at the terminus of a series
of secondary effects of the toxic agent.

This approach does not attempt to directly identify primary molecular mechanisms. De-
lineation of damaged neuronal species can, however, give clues to the series of steps that
lead to altered behavior. This goal generally involves assay of neurotransmitter-related
parameters since it is here that changes immediately relevant to behavior take place. Neu-
ropharmacological agents generally exert their effects on a relatively limited cell population,
often confined to a single neuronal class. On the other hand, many environmentally prevalent
neurotoxic agents such as lead probably act at several sites common to most tissues (Figure
1). This tends to broaden the number of potential goals that neurotoxicity studies may have
in comparison to pharmacological research.

B. Variables Which May Interact with a Neurotoxic Response

Several features of experimental design may modify the effect of a toxic agent upon the
chemical and behavioral features of an organism. It is important to delineate such influences.
At worst they may cause erroneous interpretation of data, while at best they may throw light
upon mechanisms of action of neurotoxicants.
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FIGURE 1. Possible sites of action of neurotoxic agents.

1. Animal Species and Strain

The most important features of neurotoxic action are likely to be generalizable. If two
strains from within the same species show major differences in response to exposure to a
neurotoxic agent, it is unlikely that results can be applicable to humans. However, such data
may contribute to knowledge concerning different metabolic pathways and adaptive strategies
adopted within a single species. Albino rats and mice have widespread laboratory use, but
it should be borne in mind that such strains may exhibit relatively distinctive or abnormal
responses to pharmacological agents.*” When rats and mice are compared, they may exhibit
very different responses to neurotoxicants although they are somewhat related species.*
Inbred animal strains, while providing rather homogeneous experimental material, may
exhibit genetic depression and significantly inferior responses to stimuli.”” The combination
of biochemical and behavioral approaches to the study of neurotoxicants often involves in
vitro assays from animals that have experienced behavioral testing. This can have a profound
effect on results obtained. For example, glutamic acid dehydrogenase levels are depressed
in the hippocampus after a kainic acid-induced lesion. The rate of behavioral recovery and
of restoration of normal enzyme levels is markedly accelerated by daily experience with a
maze task’ and behavioral testing can have long-term effects on the serum endocrine
profile.'® The rat is widely used and this facilitates comparisons between laboratories. [t is
relatively insensitive, however, to certain neurotoxicants including manganese and teratogens
such as thalidomide,'** and is behaviorally governed to a major extent by its olfactory sense.
The extended gestational period of the guinea pig maximizes the maternal influences on the
fetus, and this may present a specific advantage. Conversely, direct effects on embryos in
the absence of maternal influences can best be studied in an egg, usually from a quail or
chick. The chick also has fewer nonspecific and sudden lethal reactions to toxins.'** A
fundamental question in toxicological research is the extent to which data derived from
various species can be extrapolated to humans. In view of the incomparable sophistication
of human mentation, this question is especially difficult to answer in neurotoxicological
studies. The use of primates is expensive and potentially liable to adverse societal judgment.
However, it is obvious that such species are more likely to exhibit responses to toxic agents
that closely resemble the corresponding effects on humans. Such research has great potential
value and can be carried out humanely and with appropriate safeguards. It is essential that
this type of work not be totally abandoned in the face of social pressures.

2. Animal History

Many environmental factors can influence the effect of a toxic agent on animal behavior
or neurochemistry. Thus, dopamine metabolism is altered by caging density'® and basal
neurotransmitter receptor binding is affected by whether an animal has previously been
subjected to a behavioral test battery.'®” An animal that has been repeatedly handled also
has a differing endocrine response than its unhandled counterpart.'® Neurochemical and
neuroendocrine changes caused by exposure to a toxicant may only be apparent in handled
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animals or only in naive animals. Therefore, there is no general optimal procedure; rather
there is a need to be aware of such factors. Dietary factors may also be important and can
affect rates of absorption and metabolism of a toxicant.'* The case for the use of purified,
defined diets in toxicological research has recently been clearly presented.'”

Developmental studies involving maternal interactions with offspring can pose particular
problems. It is known that lead treatment of lactating mothers can cause developmental
delay in pups. This may be due to a direct effect of lead, altered food consumption of mother
or pup, or a change in maternal behavior." Although these factors are difficult to dissect
apart, the overall situation has important implications for the human population.

3. Toxicant Administration

The means of dosing experimental animals can be by several routes. Injection can be
intravenous, subcutaneous, intraperitoneal, or directly into a specific cerebral site. In ad-
dition, the diet could contain the agent to be studied, or it could be administered by gavage.
Each route has distinctive features. Dietary ingestion of an agent does not subject the animal
to any potentially stressful manipulation, but the delivered dose is hard to control since the
absorption rate of the agent and the appetite of the animal may be variable factors. Repeated
intraperitoneal injections of saline have been shown to alter the development of rat pups,
perhaps by meodifying the maternal response'™ and to alter several endocrine and neuro-
peptide-related parameters.®! Intracranial injection is rather invasive but largely eliminates
the need to consider hepatic metabolism of the toxic agent. The stress of such injections is
known to inhibit cerebral protein synthesis,* and thus the overall activity level of the brain
is likely to be altered by this procedure. The liver has capacities to detoxify or otherwise
modify many administered circulating chemicals. Such metabolic changes may also produce
the actively neurotoxic agents.” The vehicle in which the toxic agent is delivered may itself
have the capacity to alter animal behavior or biology. Complex interactions have been found
to occur between chlordecone and the commonly used vehicle dimethylsulfoxide. This
solvent may derange the hypothalamo-pituitary-adrenal axis.” Even the acetate component
of lead acetate may have an effect on weight and activity levels of treated rats.'?

The possibility that an agent may cause altered body temperature should be kept in mind.
Brain polysomes are especially sensitive to hyperthermia,” and hypothermia also adversely
affects cerebral macromolecule synthesis.™ Thus, many biochemical or behavioral conse-
quences of a toxicant may be mediated by altered temperature. Certain environmentally
prevalent neurotoxic agents such as DDT are known to cause damage to thermoregulatory
mechanisms, '™

4. Time Relations of Biochemical and Behavioral Events

Since behavioral effects may be only indirectly related to the initial biochemical effects
of the toxic agent, a clear relation of behavioral changes and the concentration of the
administered agent cannot be expected.'”!

Tricylic antidepressants rapidly block catecholamine reuptake systems but, when admin-
istered to humans, psychic changes are not evident until these drugs have been administered
for about 3 weeks.” Thus, a major biochemical effect is not temporally related to mood
changes. This does not mean that the two events are not connected. The process of adaptation
to a drug or toxic agent may be that feature which results in behavioral change. The correlation
of behavioral change and known major biochemical changes is also not clear in the case of
several organophosphates. These compounds cause a severe but transient depression of a
specific enzyme (neurotoxic esterase) while paralysis ensues at a considerably later time.
There is a clear linear relation between the ability of compounds to block this esterase and
their ability to cause paralysis, but no cause-effect pathway has yet been uncovered.®
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II1. SPECIALIZED FEATURES OF THE NERVOUS SYSTEM RELEVANT
TO ITS VULNERABILITY TO TOXIC AGENTS

A. Biochemical Features

The existence of a considerable population of chemicals specific to the nervous system
creates a range of potential targets for specific neurotoxic events. Potential targets include
a distinctive proteolipid complex-myelin, which ensheathes most neurons. The hydrophobic
nature of myelin allows a preferential accumulation of lipophilic materials, such as organic
solvents. Such a partition can result in a considerable concentration of certain toxicants,
facilitating injury of the laminated myelin sheath. Demyelination is observed in a variety of
toxically induced neuropathies.'s* Such damage can impair normal neuronal function and,
because of the relatively low rate of replacement of some myelin components, can be
relatively persistent. Peripheral nerves and certain central tracts such as the optic nerve
appear the most sensitive areas.'*

The process of myelination is susceptible to a variety of toxic agents. These may act by
directly damaging myelin or may exert an adverse effect on general development and thus
indirectly retard myelin deposition. Inorganic lead may partially act in this latter manner. '
Another way in which myelin development can be indirectly affected is by way of neuronal
damage, because axonal diameter plays a role in determining the extent of oligodendroglial
production of myelin.** Myelination may even be affected by the extent of electrical activity
in the ensheathed nerve.®!

Another area of nervous system distinctiveness is in the complex chemicals and processes
involved in the process of neurotransmission. The transfer of information across the synapse
involves a variety of unique events. These include the release and reuptake of neurotrans-
mitters and the specific high affinity binding of transmitters to extracellular sites. Such
superficial binding can elicit a series of major intracellular responses ranging from alterations
in ion flux to activation of enzymes.'?

Interference with any of these interelated processes can disrupt nerve function. In addition,
the equilibrium between synthesis and catabolism of neurotransmitter species is a critical
element in nerve function. Thus, the inhibition of acetylcholinesterases by some organo-
phosphate insecticides can have a lethal effect by allowing acetylcholine levels to build up
and thus cause cholinergic hyperactivity.'® Some neurotransmitter species such as dopamine
are especially sensitive to oxidation and this process may be catalyzed by certain metal ions
such as manganese.” The possibility exists that such oxidative products are sometimes
harmful due to their close but incomplete resemblance to the parent molecule. For example,
6-hydroxy-dopamine is selectively toxic to adrenergic neurons.'*®

B. Anatomical and Morphological Features

The mature nervous system possesses almost no capacity to replace lost neurons. This
lack of proliferative and regenerative capacity, however, is tempered by a great adaptive
capacity that persists throughout adulthood. The ability of an organism to adapt to nerve
damage if given sufficient time makes the behavioral detection of such damage a challenging
task. In many cases, abnormal behavior can be elicited only by subjecting the animal to a
stressor. Such stressors can unmask deficits by creating a situation to which the animal
cannot adapt. Techniques used involve dietary restriction,'*® physical stress,'*® and phar-
macological agents.**-'** The latter approach has the advantage that a specific biochemical
lesion can often be inferred (see later section). The low rate of cell division of the mature
brain makes it more resistant to agents blocking such division, such as antimitotic agents
and X-irradiation, both of which are used in treatment of cancer. However, the developing
brain undergoes rapid cell proliferation, generally during fetal life in most mammals. The
range of susceptibilities of the fetal brain therefore can differ very significantly from that



Volume 14, Issue 4 387

of the adult brain.®'"" Thus, the effects of gestational exposure to toxic agents can only be
determined by direct experimentation and generally not by analogy with the adult situation.
Another feature that makes consideration of the immature brain very unlike the mature brain
is the incomplete development of the blood-brain barrier. This barrier prevents the ready
access to the brain of many blood-borne materials.'** Some areas of the brain such as the
neurohypophysis are not protected by this membrane barrier®® even in the adult and may
thus become unusually sensitive to circulating toxic substances. The blood-brain barrier also
can be a handicap to the access of desirable therapeutic agents to the brain. Some neurotoxic
agents are thought to act by damaging this barrier'* or by altering general vascular perme-
ability.®* The blood-brain barrier may be transiently opened, e.g., with mannitol, and this
may facilitate the study of the neurotoxic component of a generally toxic material such as
vincristine. '™

Axoplasmic transport is a process that represents an exaggeration of a property found in
all cells. This is due to the highly asymmetric nature of neurons. It has been stated that if
the neuronal soma were the size of a tennis ball, some axons would have a length corre-
sponding to 3 miles.®® This results in an enhanced emphasis on the movement of proteins
and other materials along the axon, and is associated with an unusually high content of
microtubule protein in nerve tissue, in the form of neurotubules. This makes the nervous
system sensitive to certain kinds of antimitotic agents such as colchicine and vinblastine
although the rate of mitosis in adult nerve tissue is very low. Thus, these agents can have
behavioral effects that are not related to their potent antimitotic activity.*' Other agents such
as n-hexane, methylbutylketone, and aluminum interfere with axoplasmic transport but have
no antimitotic properties.''* The agents probably damage the neurofilaments.'*

C. Physiological Features

An outstanding characteristic of the mature brain is its requirement for a high and con-
tinuous energy supply. A large proportion (20 to 25%) of the organisms glucose and oxygen
need is required for this organ which constitutes under 5% of body weight.'>* Not only is
this need large, but it is also continuous. While a temporary shutdown of the circulation
can be withstood by most organs, the brain will develop irreversible damage in a few
minutes.'** Consciousness can only be sustained for 2 sec by humans whose cerebral cir-
culation is withdrawn.*® This acute dependence on an energy source is not found in the
immature brain and is not characteristic of the peripheral nervous system. A toxicant blocking
energy production in a relatively general way, such as cyanide or carbon monoxide, can
have specifically neurotoxic sequelae that persist.'s-'%

The brain also has distinctive nutritional requirements. For example, because phenylalanine
hydroxylase is not present in the brain, tyrosine becomes an essential amino acid for this
organ, unlike liver. The inability to convert phenylalanine to tyrosine can under some
circumstances (phenylketonuria) make phenylalanine a neurotoxic agent.''®

D. The Relationship between the Body and the Brain

The brain and body reciprocally regulate and influence each other. In addition to its
neurotransmitter role, the nervous system influences the rest of the body by neurotrophic
and neuroendocrine means. The state of differentiation of most body tissues is controlled
by one of these latter means. Directly innervated tissues such as muscle depend on neuro-
trophic factors to maintain their structure, while noninnervated tissues often depend on
hormones, ultimately under hypothalamic control two major consequences emerge from this.

1. The hypothalamus is the area where around 40,000 nerve fibers mediate between the
central nervous system and the rest of the body, by way of release factors, trophic
hormones, and endocrine glands (Figure 2). Thus, damage in this rather small area
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FIGURE 2. The hypothalamic pituitary linkage of nervous and nonnervous tissues.

can have major reverberations. In view of the incompleteness of the blood-brain barrier
(previously discussed), the hypothalamus is also more exposed to systemically cir-
culating materials.

2. Major toxic damage can appear to be remote from a primary hypothalamic lesion. By
this means, a neurotoxic agent (such as monosodium glutamate) can cause major
changes in sexual function and body weight while CNS changes are confined to a very
small area — the arctuate nucleus.'* Sometimes, general systemic damage may be
underlaid by specific damage to nerve tissue. For example, an important role of the
sympathetic nervous system may be the prevention of carcinogenesis,'*® probably by
way of the immune system.'*® Thus, sympathetic nerve growth promoting materials
such as nerve growth factor can protect against carcinogenesis'’' and many toxic agents
interfering with the sympathetic nervous system could result in reduced immunological
surveillance.'*

1V. BIOCHEMICAL AND PHARMACOLOGICAL APPROACHES TO
NEUROTOXICOLOGICAL STUDY

Since a large proportion of vertebrate biochemical processes are represented within the
brain, neurochemistry encompasses a wide range of study. This area is further expanded
since there is no clear dividing line between brain chemistry, neuroendocrinology, neuro-
physiology, molecular biology, and cell biology. In the search for understanding of nervous
function, one must frequently work at the interface between two more disciplines and from
this the new concept of neurobiology has arisen.

While one cannot say that any of the myriad possibilities of neurochemistry should nor
be studied in neurotoxicology, there are certain areas which undoubtedly are relevant. In
general, the more specialized features of brain chemistry are likely to be the targets of agents
that are specifically neurotoxic, and each of the following sections will be addressed primarily
to the aspects of cerebral metabolism that are pronouncedly distinctive. These properties
may be quantitatively distinct (e.g., the high energy dependence of central nervous tissue
and axoplasmic transport processes) or qualitatively unique to nerve tissue (e.g., myelin- or
neurotransmitter-related processes).
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Candidates for use in neurotoxicological study can be broadly classified: enzymes; chem-
ical composition of the brain; metabolic activity of the brain; myelin- and membrane-related
phenomena; axoplasmic transport; neurotransmitter-related parameters; neuroendocrine fac-
tors; and tissue culture.

A, Enzymes
Of the several hundred enzyme systems that can be assayed, a few can be considered
especially important for toxicity studies. Such importance can be for one of two reasons.

I. The enzyme may be the rate-limiting step in a metabolic path and thus any change in
its level could alter the rate of synthesis or breakdown of a chemical and thus the
concentration of that chemical’s concentration within the brain. An example of such
an enzyme is tyrosine hydroxylase which appears to be rate limiting to catecholamine
synthesis."® In many cases, inhibition of an enzyme can cause it to become rate
limiting. Thus, fluoracetic acid owes its toxicity to its conversion to fluorcitrate. The
consequent inhibition of citrate synthetase blocks the Krebs cycle and causes cessation
of oxidave metabolism.*® A host of neurological disorders exist where the underlying
cause is the genetic absence of an enzyme.?” In the majority of such mutations, it is
the catabolism of brain chemicals that is blocked. The subsequent accumulation of
abnormal amounts of metabolic intermediary products is generally very damaging.
However, genetic diseases where an anabolic enzyme is missing (e.g., phenylketonuria)
are also known.** The wide variety of genetic neuropathological diseases that are
known illustrates the many points at which nervous function is vulnerable.

2. A more limited selection of enzymes can be considered as biochemical markers. These
enzymes are known to be associated with a particular cell type or subcellular fraction."'
Alternatively, these enzymes when present in abnormal amounts can be indicators of
a certain type of pathological change.®*%'“! Thus, these enzymes can be very useful
in determination of the locus of action of neurotoxicants.

Neurotoxic effects may be detectable in humans by means of analyses carried out on
biological fluids such as blood-urine and this could be utilizable as a screening procedure
on high risk populations such as those working in certain industrial processes. Erythrocyte
Na*, K*, ATPase levels have been found to vary with different clinical phases of manic
and depressive disorders.*7®-'?° These levels have also been shown to be depressed in miners
exposed to mercury.'®' Damage to the blood-brain barrier may be detected by the presence
of a specific creatine kinase in serum.?'** Another test might involve measurements of
serum transketolase, a thiamine-dependent enzyme which is reported to play an important
role in the maintenance of the myelin sheath.>*'"® An attractive aspect of measurement of
serum transketolase levels is that variations may correlate with recovery as well as the onset
of toxic responsiveness.''? Similarly, serum -hydroxylase has been suggested as an indicator
of toxically induced excessive sympathetic nervous activity.*® Platelets have been used by
several workers to study the role of biogenic amines in psychiatric and neurological disorders.
Biogenic amine pharmacodynamics of platelets have been correlated with Downs syndrome,
mental retardation, infantile autism, hyperactivity, schizophrenia, Parkinsonism, Hunting-
ton’s disease, and headaches. '’

Several enzymes exist where an alteration of the activity level has implications as to the
status of nerve tissue. One short-term biochemical test which is of interest in connection
with its possible utility for predicting long-term neurotoxic effects is the ‘*neurotoxic es-
terase’’ test described by Johnson.®® This test, which was developed in chickens, may be
of some use in predicting toxicity of organophosphates. The lysosomal B-glucuronidase and
B-galactosidase levels have been found to be greatly elevated in a variety of central and
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Table 1
DIAGNOSTIC ENZYMES
Enzyme Marker for
Cholesterol esterase Myelin content
2'3'-Cyclic nucleotide phosphodiesterase Myelin content (protein component)
Galactose-UDP ceramide transferase Rate of myelination, oligodendroglia
Na*® K* ATPase Cell surface membranes
lon transport phenomena
Mg " ATPase Oxidative phosphorylation failure
RNA polymerase Nuclei
Succinic dehydrogenase Mitochondria
Oxidative metabolism
NADPH-cytochrome reductase Intracellular membranes
Lactic dehydrogenase Cytosol
B-Glucuronidase Lysosomes

Astroglial, microglial hypertcophy
Wallerian degeneration

Superoxide dismutase Aging, membrane protection

Choline acetylase Cholinergic neurons

Dopamine B-hydroxylase (DBH) Noradrenergic ncurons

Neurotoxic esterase Organophosphate toxicity

Ornithine decarboxylase (ODC) Cell proliferation. activation,
hypertrophy

peripheral neuropathological conditions.*-** It would appear that acid phosphatase may also
provide an indication of lysosomal damage or macrophage abundance.* Ornithine decar-
boxylase levels are elevated in tissues undergoing proliferation, hypertrophy. regeneration,
or activation'*® and may provide clues as to the initial site of neurotoxic damage.'**' The
onset of, or extent of, myelination may be reflected by tissue levels of cholesterol,*® cho-
lesterol esterase,® or 2', 3'-cyclic nucleotide 3’-phosphohydrolase.>** The numbers of
synapses may be reflected by tissue levels of neurotransmitter compounds, of transmitter-
metabolizing enzymes (e.g.. tyrosine hydroxylase, dopamine B-hydroxylase, glutamate de-
carboxylase, etc.?**%% or by gangliosides.** Functional integrity of mitochondria may be
reflected by tissue levels of citrate synthetase, Mg?* ATPase, or succinate dehydrogenase.'**
Plasma membrane functional ability may be reflected by levels of Na* + K* ATPase® or
by levels of transmitter- or modulator-sensitive adenylate cyclase.” Table 1 lists a selection
of enzymes and the parameters for which they may be considered as indicators.

B. Chemical Composition of the Brain

The chemical composition of the brain is altered in many disease states and the assay of
certain materials may provide clues as to sites of action of toxic agents. As with enzymes,
certain chemicals can be considered as markers for specific cell types or subcellular fractions.
Excessively low amounts of substances or abnormally high concentrations may be equally
damaging.'** This kind of survey can be especially well applied to the developing brain
where the accretion of many brain-specific chemicals in a certain sequence is essential for
normal maturation.®” Table 2 shows some of the substances that may be indices for various
neurobiological processes. Again, many examples of neurological disease are known where
a change in concentration of a material is a diagnostic concomitant. These neurological
disorders frequently present a distinct neuropathological profile.

C. Metabolic Activity of the Brain
Because the brain is dependent on a high and unceasing nutrient supply, any derangement
of this supply is likely to result in serious neurological sequelae. Conversely, reduced
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Table 2
DIAGNOSTIC CHEMICALS
Substance Marker for
Cerebral
GD, gangliosides Neurons
Spingomyelin Schwann cells, oligodendroglia
DNA Alterations in cell number
(Gliosis, regional degeneration,
aging)
14-3-2 Protein Neurons
S100 Protein Glia
Proteclipid protein Myelin protein
Cerebroside Myelin lipid
Acetylcholine Cholinergic neurons
Norephinephrine Noradrenergic neurons

Urinary or cerebrospinal fluid
Homovanillic acid Catecholamine turnover
5-Hydroxyindolacetic acid Indoleamine turnover

metabolic supply to a specific brain area has been shown in some cases to reflect functional
inactivity of that area, while hyperactivity of a brain region can be detected by excessive
vascular supply.” In this manner epileptic foci have been located within the brain.'®® The
introduction of deoxyglucose as a means of measuring glucose supply to discrete brain
regions has made possible accurate determination of relative rates of blood flow through
brain areas.®'** This could be a very useful approach in neurotoxicological studies especially
when the agent in question is suspected of causing localized rather than general brain damage.
Good methods now exist that enable rapid evaluation of the integrity of the blood-brain
barrier.?* These involve double labeling techniques and combining a rapid diffusible sub-
stance with a relatively impermable chemical.'?? Even small alterations of the ability of the
brain to exclude certain materials can be measured by this means. Some toxic agents have
been shown damaging to this barrier.'*-*:195:1° [n addition to chemical insults,'*® microwave
irradiation has also been reported to damage the blood-brain barrier.'?®

Brain metabolic study also includes assay of rates of macromolecule synthesis. The
intensity of cerebral protein synthesis has been suggested as a useful index of general
neurotoxicity.>® However, nonspecific phenomena such as body temperature of treated an-
imals must always be taken into consideration.** Since cell proliferation rates are very low
in mature nerve tissue, the rate of DNA synthesis may be a useful clue in detecting abnormal
cell proliferation such as gliosis. The precise dating of the birth of neurons by *H-thymidine
administration during gestation may also allow the detection of delayed or abnormal neu-
rogenesis in animals prenatally exposed to neurotoxicants.'?’

The effect of toxic agents upon cerebral metabolism may be mediated by interference
with critical cofactors such as pyridoxal phosphate which, if deficient, results in seizures.
This effect is probably due to the vitamin B, requirement of glutamic acid decarboxylase,
akey enzyme in determining the ratio of the excitatory transmitter, glutamate to the inhibitory
y-aminobutyric acid.'** Hyperbaric oxygen can dramatically alter metabolic rates by causing
convulsions. This has been attributed to the unusual sensitivity of glutamic acid decarboxylase
to oxidative destruction. Damage to this enzyme leads to reduced rates of formation of the
inhibitory neurotransmitter, GABA.'”” These oxidative processes may be mitigated by su-
peroxide dismutase.’

D. Myelin- and Membrane-Related Phenomena
Since many neurotoxic agents are known to cause neuropathy, the study of myelin com-
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ponents could be of use in neurotoxicological evaluation. Such studies can be divided into
three areas, namely measurement of the concentrations of the lipid and protein components
of myelin, measurement of their rates of synthesis and decay, and assay of myelin-related
enzymes. Neurological abnormalities of myelin include total or partial failure of myelination.
Since the accretion of lipid and protein constituents are closely linked, it is sometimes hard
to know where the primary point of failure is located.®-?'-!1%%5 Using mouse mutants, it
has been shown that partial failure of myelin formation is not incompatible with life. How-
ever, total lack of myelin is lethal at the time when myelination should be proceeding rapidly.
Why the 10-day-old rat is not dependent upon myelin while the 30-day-old rat cannot survive
without it, is not clear. The demyelinating disease, multiple sclerosis, generally has a variable
course with periodic remissions. This illustrates the ability of remyelination to occur in the
adult central nervous system. The majority of toxicological studies to date have examined
peripheral rather than central nervous system myelin. Damage to the blood-brain barrier
may result upon an autoimmune attack upon myelin by circulating lymphocytes so that toxic
agents may affect myelin in this indirect manner. Thus, the role of viral agents in facilitating
myelin-related disease may be relevant to toxicological studies.®® Malnutrition has been
shown to have a specific deleterious effect on myelination so the laying down of this nervous
system-specific material may be unusually vulnerable to environmental factors.'™

Many new ways of examining membrane structure now exist. These include electron spin
resonance, fluorescence spectrometry, circular dichroism, and optical rotary dispersion anal-
yses. Abnormal membrane fluidity and changed solvent penetrability may occur in response
to relatively nonspecific organic toxic agents such as chloroform or ethanol.™

E. Axoplasmic Transport

This energy- and calcium-dependent process is disturbed in toxically induced peripheral
neuropathies and in muscular dystrophy. Axoplasmic migration of materials occurs bidirec-
tionally and seems to have two major functions.

1.  The supply of macromolecules and organelles from the cell body where the bulk of
anabolic processes are located, to the energy-utilizing presynaptic terminus which has
limited synthetic capacities. These materials are essential for maintenance of basal
biochemical metabolism and for neurotransmission, neurosecretion, and neurotrophic
functions.

2. The exchange of information between the cell body and the nerve endings. Retrograde
transport processes appear to inform the soma about the nature and status of the
innervated larger cell. This has been best studied in the cases of neuromuscular in-
nervation and the dependence of sympathetic neurons on target cell-generated nerve
growth factor.'#*'®! Axoplasmic transport is related to the axonal neurotubular and
neurofilamentous fibers which run longitudinally within the axon. Neurofilaments are
known to be deranged in Alzheimer's disease (premature senility) and aluminum has
been implicated as a toxic agent that may influence the formation of pathological
neurofibrillary tangles.'* While several reports on axoplasmic transport in peripheral
neuropathies exist,'-?>-12%-14 [ittle work has been carried out on disturbances of axo-
plasmic flow within the central nervous system. The avian visual system offers the
possibility of quantitation of this process, by virtue of a large retina whose ganglion
cells innervate a prominent and discret target organ — the optic tectum. Toxic agents
or isotopes can be injected into a single eye and the partner uninjected eye can often
be treated as a control.'7-21-133.172

F. Neurotransmitter-Related Parameters
Many ways exist of biochemically evaluating transmitter function within the brain. Levels
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of transmitters have been measured frequently in toxicological studies and appear to be
sensitive to a variety of compounds. It is possible to determine turnover rates of compounds
by following their decline after administration of agents that block their synthesis. A more
satisfactory way of assaying transmitter half-lives is by use of labeled precursors followed
by liquid chromatographic separation of radioactivity incorporated into a specific compound.

The determination by high performance liquid chromatography of metabolic breakdown
products from catecholamines and indolamines in urine, serum, or cerebrospinal fluid is
possible. Increases in levels of such metabolites can be considered indices of metabolic
activity of neuronal pathways related to specific transmitters. This approach is useful because
it can be performed repeatedly in the same animal. In addition, these methods may have
applicability to testing in humans who have been inadvertently exposed to toxic agents.
Homovanillic and 5-hydroxyindolacetic acid levels in cerebrospinal fluid or urine are used
as indicators of catecholamine and serotonin metabolism, respectively, while vanillmandelic
acid levels may be used to estimate norepinephrine catabolism. Changed levels of these
catabolites have also been reported in neurotoxicological studies.’

Dynamic events at the synaptic region may be studied by measurement of transmitter
movements between cell fractions, rather than by their synthesis or degradation.
These *‘translocations’” can be used to study pre- or postsynaptic changes. They include the
study of calcium-dependent presynaptic release of neurotransmitters, or determination of the
activity of presynaptic high affinity, sodium dependent reuptake mechanisms. Neurotrans-
mitter receptor sites within brain areas can also be measured and in a few instances, a
biological consequence of such transmitter-receptor interaction can be determined (e.g.. the
various catecholamine-stimulated adenyl! cyclases).'”™ All these translocation phenomena are
modulated by pharmacological agents and they also appear to be responsive to relatively
low levels of toxic agents.**

Radioactive drugs with a narrow range of targets have been used as tools with which to
analyze neurotransmitter receptor sites.'™ Where phylogenetic studies have been reported,
the characteristics of receptors across vertebrate species are remarkably similar.'™ Since the
preponderance of this site is often regulated by the intensity of neuronal activity, deranged
neuronal circuits can be detected using labeled ligands.™ A wide variety of diseases have
been shown to be correlated with unusual levels of these receptors. Such-changes can often
aid in understanding the neuronal derangements caused by the disease. Clinical syndromes
which may have characteristic receptor changes include Parkinsonism, Huntington's disease,
asthma, schizophrenia, phacochromocytoma, chronic heart disease, myasthenia gravis, and
epilepsy.'® The basis of receptor studies is the frequently reported inverse relation between
the activity level of a nerve pathway and the neurotransmitter binding capacity of the
postsynaptic receptors. Such a generalization has exceptions and is further complicated by
the existence of presynaptic receptors which may not exibit such response. However, the
concept has been successfully applied in delineating vulnerable neuronal circuits after ex-
posure to neurotoxic agents. These include acrylamide,'* manganese,'** organophos-
phates,*7-'®-14% grganochlorines,*'*” and various heavy metals.®*°"-" It should be borne
in mind that this type of study is useful in accounting for altered behavior following exposure
to neurotoxicants. However, such events may be at the terminus of a long sequence, and
thus receptor study is unlikely to throw light on the initial molecular impact sites of a
neurotoxic agent.

The development of new neurotransmitter-related chemicals whose major site of action
in biological systems is well delineated has several applications to neurotoxicelogy. Some
of these agents have been of great value in adding to our understanding of a variety of
neurological and psychiatric disorders.'** Similarly, the exacerbation or alleviation of signs
of neurotoxicity by chemicals of known specificity can give clues as to sites of action.
Pharmacological intervention by inhibition of a circuit that is already impaired can enhance
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behavioral abnormality by stressing a neuronal system beyond the capacity of the organism
to generate an adaptive response.>*5%2% This ‘*double-hazard'’' means of unmasking occult
damage to the nervous system is termed a pharmacological challenge. In this manner, the
availability of drugs of increasing selectivity can be beneficially exploited by toxicologists.'™

An increasing number of compounds are known that are closely related to neurotrans-
mission but have not been clearly established as neurotransmitters. These compounds appear
to influence neurotransmission by altering the rates of the release and binding of neurotrans-
mitters and are termed neuromodulators. Such chemicals may include peptides such as
enkephalins, endorphins, substance P, and other compounds such as prostaglandins. The
mode of action of such regulatory materials is the subject of much current research.”* Very
low levels of neural peptides can be assayed with radioimmune antibody techniques, and
one neuron can be shown to possess several types of peptides."* A limitation of this method
is the potential for cross-reaction with related compounds that antibodies raised to a single
chemical may possess. The use of monoclonal antibodies is likely to increase the resolution
capacity of this procedure.'*

G. Neuroendocrine Factors

The nervous system, by way of the hypothalamic-hypophyseal axis, regulates the major
part of systemic hormone production. Conversely, several circulating endocrine materials
are known to exert direct chemical and behavioral effects on the brain. The distinction
between neurotransmitter and neuroendocrine function rests largely on whether the target
tissue is adjacent to or distant from the nerve ending. But the two functions possess several
common features. Neurosecreted materials, like transmitters, migrate distally along the axon
and are secreted at the terminus by a calcium-dependent, exocytotic process. Target cells
of neural and endocrine systems are often activated by release molecules impinging on
specific receptor sites on the external cell surface. This event can pass a transmembrane
signal to the interior of the cell, frequently resulting in modulation of cyclic nucleotide
parameters. Interference with neurosecretory processes can have profound consequences for
somatic metabolism. Because the infundibulum of the hypothalamus contains only a few
thousand key neurons, this area might be especially vulnerable to toxic attack. As for the
peptide neuromodulators, it is now possible to measure minute quantities of endocrine-
related materials by radioimmune assay. Partially because of their special role in maintaining
the homeostasis of many physiological functions, neuroendocrine systems are extremely
sensitive in responding to external stimuli or to internal change of body systems. For example,
mild stress causes an increase in plasma level of corticosterone and prolactin.®' Therefore,
it appears that neuroendocrine parameters can serve as a sensitive index to monitor how the
animals respond to various external stimulus such as environmental neurotoxicants. However,
endocrine changes may not always give a clue to the specific mechanism of action of a toxic
agent. Certain hormonal parameters seem vulnerable to a wide variety of differing com-
pounds. For example, serum testosterone levels are depressed by a wide variety of compounds
including manganese,*" acrylamide,” chlordecone and triethyl lead,*'" inorganic lead,” and
monosodium glutamate.'?* Although this may represent a nonspecific stress response, tes-
tosterone levels cannot be readily depressed by a simple stress which profoundly alters
corticosterone and prolactin levels.*" The idea has been proposed that the effects of toxic
agents invariably involve nonspecific stress in addition to the distinctive toxicity and that
such stress modulates the neuroendocrine axis.'*® This would account for the wide range of
chemicals that can depress circulating testosterone levels.

H. Tissue Culture
Tissue culture offers a rapid, inexpensive way of testing a variety of toxic agents. This
system has been used with great success in the development of mutagenicity testing of large
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numbers of compounds. While the neurobiological equivalent of the Ames test is still a long
way off, such a simple system utilizing a controlled environment with few variables offers
great promise in the neurotoxicological testing of compounds in the future.>*"'” Monoclonal
cell lines of both neuronal and glial origin are available, and these have been shown to
possess many of the biochemical, morphological, and physiological characteristics of neurons
and glia, although they are derived from malignant variants. Many features of cerebral
maturation can be reliably reproduced in cell culture including the cessation of proliferation,
the onset of neurotransmitter- and myelin-related metabolism, and the formation of extensive
cell processes (neurites). Several enzymes and specific proteins could be assayed with ease
and little expense. In addition, this system allows the possibility of rapid morphological
assessment of toxicity. Neuroblastoma cells have been used in the study of organophosphate-
induced neurotoxicity® and mercury toxicity.'*

The development of cell culture expertise will also allow the production of antibodies
from monoclonal cell lines. These are derived from lymphocytes of immunized animals that
have been transformed by fusion with neoplastic variants using Sendai virus. A homogeneous
cell line, producing a single molecular species of antibody. can be produced by this means.
Immunocytochemistry with such defined antibodies can give exact information as to the
anatomical localization of specific proteins and other chemicals.

V. CONCLUSIONS AND DIRECTIONS FOR THE FUTURE

Neurotoxic damage can be caused by many pharmacological agents, biological neurotox-
ins, and insecticides. These types of compounds have an inherent manmade or evolutionary
design and are generally harmful in rather selective ways. Neurotoxic injury can also result
from nonspecific, environmentally prevalent chemicals. These may be of natural origin (e.g..
various metals or minerals) or may be products of industrial processes. Unlike pharmacol-
ogical agents and natural toxins such as snake venoms, nonspecific toxic agents are not
designed to affect biological function. They are, therefore, likely to exert their effects by
interacting with more than a single biological site. This potential multiplicity makes it difficult
to identify the precise mechanisms by which damage to the organism is effected. For this
reason, sites of action of toxic agents are generally less well understood than those of
pharmaceutical agents.

Altered behavior is an end point of the effects of all toxic agents, but not all such materials
are classified as neurotoxicants. Neurotoxicity is generally understood to imply a direct effect
on nerve tissue. However, most environmental agents that appear to primarily cause damage
to the nervous system are also harmful to other tissues and organs.

Toxic agents are often on the continuum between random denaturation events, such as
those caused by altered pH or heat, and the specific limited interactions that a pharmacological
agent may have with a few protein species. Our understanding of the series of events caused
by a toxicant is partly determined by progress in the uderstanding of neuroscience. Com-
pounds that help in delineation of neurotoxic mechanisms are not necessarily the environ-
mentally prevalent species. ‘‘Model’" compounds with a more limited spectrum of action
can be very useful in determining which cerebral parameters are unusually critical or sensitive.

One goal of the toxicologist is to design therapeutic approaches. Cholestyramine has been
used to treat chlordecone toxicity, and the use of chelation therapy in heavy metal toxicity
is well known. There are presently few such beneficial therapies, but the use of specific
antisera to toxicants presents a potentially valuable means of accelerating elimination of
toxic agents.** Also, substance P counteracts neurotoxic damage to developing adrenergic
neurons and this peptide has been proposed as a potential therapeutic agent,*” and vitamin
B, may protect against acrylamide neurotoxicity.'” When the details of sites of action of
toxicants become known, the possibility arises of designing selective antagonists. For ex-
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ample, N-methylaspartate neurotoxicity can be blocked by compounds binding at the same
synaptic site.'?* The initial phase of development of a discipline often involves the tedious
accumulation of a data base upon which hypotheses can be formed. The current state of
neurotoxicology involves the gathering of much basic data and is reminiscent of the state
of pharmacology around 30 years ago. We can expect the gradual emergence of patterns
which will increasingly allow the formulation of those generalizations which form the core
of a discipline. It is clear that this can only be brought about by simultaneous utilization
skills from several established areas of neuroscience.

19.

20,

REFERENCES

. Agrawal, A. K., Squibb, R. E., and Bondy, 8. C., The effects of acrylamide upon the dopamine receptor,

Toxicol, Appl. Pharmacol,, 58, B9, 1981.

. Agrawal, A, K., Seth, P. K., Squibb, R. 8., Tilson, H. A., Uphouse, L. U., and Bondy, 8. C.,

Neurotransmitter receptors in brain regions of acrylamide-treated rats, Pharmacol. Biochem. Behav., 14,
527, 1981.

. Agrawal, A, K., Anand, M., Zaidi, N. F,, and Seth, P. K., Involvement of serotonergic receptors in

endosulfan neurotoxicity, Biochem. Pharmacol., 32; 3591, 1983,

. Akagawa, K., Watanabe, M., and Tsukada, Y., Activity of erthrocyte Na, K, ATPase in manic patients,

J. Neurochem., 35, 258, 1980.

. Akera, T., Brody, R. M., and Leeling, N., Insecticide inhibition of Na*, K* ATPase activity, Biochem.

Pharmacol., 20, 471, 1970.

. Ali, 8. F., Abou-Donia, M. B., and Bondy, 8. C., Modulation of avian muscarinic cholinergic high

affinity binding sites by a neurotoxic organophosphate, Neurochem. Pathol., 2, 267, 1984.

. Ali, 8. F., Hong, J. S., Wilson, W. E., Uphouse, L. L., and Bondy, 8. C., Effect of acrylamide on

neurotransmitter metabolism and neuropeptide levels in several brain regions and upon circulating hormones,
Arch. Toxicol., 52, 35, 1983.

. Ali, S, F., Cranmer, J. M., Goad, P. T., Slikker, W., Harbison, R. D., and Crammer, M. F.,

Trimethyltin induced changes of neurotransmitter levels and brain receptor binding in the mouse, Neuro-
toxicology, 4, 29, 1983,

. Allen, J. P. and Allen, C. F., The effect of dimethylsulfoxide on hypothalamic-pituitary adrenal functions

in the rat, Ann. N.Y. Acad. Sci., 243, 325, 1975.

. Anderson, R. J., Glasgow, C. E,, and Dunham, C. B., Value of hemolysis as a predictor of neurotoxicity

induced by organic solvents, Env. Health Perspect., in press.

. Appel, S. H. and Day, E. D., Cellular and subcellular fractionation, in Basic Neurochemistry, Siegel, G.

1., Albers, R. W., Katzman, R., and Agranoff, B. W., Eds., Little Brown, Boston, 1976, 34.

. Banik, N. L. and Davison, A. N., Enzyme activity and composition of myelin and subcellular fractions

in the developing rat brain, Biochem. J., 115, 1051, 1969.

. Barrett, J. and Livesey, P. J., The acetic acid component of lead acetate: its effect on rat weight and

activity, Neurobehav. Toxicol. Teratol., 4, 105, 1982,

. Barrett, J. and Livesey, P. J., Lead induced alterations in maternal behavior and offspring development

in the rat, Neurobehav. Toxicol. Teratol., 5, 557, 1983.

. Barry, D. L., Bolwig, T., Hertz, M. M., and Hansen, J., Blood-brain barrier permeability and glucose

transport during chronic mercury poisoning, Acta Neurol. Scand. Supp., 72, 572, 1979.

. Bartolome, E., Chait, E. A., Trepanier, P., Whitmore, W. L., Weigel, S., and Slotkin, T. A,, Organ

specificity of neonatal methylmercury poisoning in the rat: effects on omithine decarboxylase activity in
developing tissues, Toxicol. Len., 13, 267, 1982.

. Baruah, J. K., Rasool, C. G., Bradley, G., and Munsat, T. L., Retrograde axonal transport of lead in

rat sciatic nerve, Neurology, 31, 612, 1981.

. Bass, N. H., Pathogenesis of myclin lesions in experimental cyanide encephalopathy, Neurology, 18, 167,

1968.

Batips, M., Miyaoka, M., Shinohara, M., Sokoloff, L., and Kennedy, C., Comparative rates of local
cerebral glucose utilization in the visual system of conscious albino and pigmented rats, Neurology, 31,
58, 1981.

Baugarten, H. G., Bjorklund, A., Holstine, A. F., and Mobin, A., Organization and ultrastructural
identification of the catecholomine nerve terminals in the neural lobe and pars intermedia of the rat pituitary,
Z. Zellforsch, 126, 483, 1972,



21.

22.

23.

24.

25

26.

27.
28.

29.
30.

3l

3.

33,

34,

35.

36.

37.

38.

39.

41.

42,

43,

45.

47.

48.
49.

51,

Volume 14, Issue 4 397

Bondy, S. C., Axoplasmic transport, in Research Methods in Neurochemistry, Vol. 3, Marks, N. and
Rodnight, R., Eds., Plenum Press, New York, 1982, 43,

Bondy, S. C. and Purdy, J. L., Blood-brain barrier: selective regulation by sensory input, Brain Res.,
76, 542, 1974,

Bondy, 8. C., Anderson, C. L., Harrington, M. E., and Prasad, K. N., The effects of organic and
inorganic lead and mercury of neurotransmitter high affinity transport and release mechanisms, Environ.
Res.. 19, 102, 1979.

Bondy, 8. C., Neurotransmitter binding interactions as a screen for neurotoxicity, in Mechanisms of
Neurotoxic Substances, Prasad, K. N. and Vernadakis, A., Eds., Raven Press, New York, 1982, 25.
Bondy, S. C., Tilson, H. A., and Agrawal, A. K., Neurotransmitter receptors in brain regions of
acrylamide treated rats: effect of extended exposure to acrylamide, Pharmacol. Biochem. Behav., 14, 533,
1981.

Bowen, D. M. and Davison, A. N., Biochemistry of brain degeneration, in Biochemistry and Neurological
Disease, Davison, A. N., Ed., Blackwell Scientific, Oxford, 1976, 2.

Brady, R. O., Biochemical genetics in neurology, Arch. Neurol., 33, 145, 1976.

Braunstein, G. D., Dahlagren, J., and Loriaux, D. L., Hypogonadism in chronically lead poisoned
men, Infertility, 1, 33, 1978,

Brayne, C. E. G., Blood creative kinase isoenzyme BB in boxers, Lancer, 8311, 1308, 1982.

Breese, G. R. and Trayler, T. D., Developmental characteristics of brain catecholamines and tyrosine
hydroxylase in the rat. Effects of 6-hydroxydopamine, Br. J. Pharmacol., 44, 210, 1972.

Brimijoin, S. and Dyck, P. J., Axonal transport of dopamine B-hydroxylase and acetylcholinesterase in
human peripheral neuropathy, Exp. Neurol., 66, 467, 1979.

Brodde, O. E., Eymer, T., and Arroyo, J., ‘H-yohimbine binding to guinea-pig kidney and calf cerebral
cortex membranes: comparison with human platelets, Arch. Int. Pharmacodyn., 266, 208, 1983.

Burks, J. 8., Murray, R. S., Naylor, J., Jankovsky, L. D., and Bondy, S. C., RNA synthesis in
normal and Newcastle disease virus-infected mice, J. Neurochem., 32, 633, 1979,

Cahill, A. L., The Effect of Drugs on Axoplasmic Transport, B.S. thesis, Chemistry Department University
of lllinois, Urbana, 1970.

Carter, R. B. and Leander, J. D., Chronic low-level exposure: effects on schedule controlled responding
revealed by drug challenge, Neurobehav. Toxicol. Teratol., 2, 345, 1980.

Chandra, S. V., Ali, M. M., Saxena, D. K., and Murthy, R. C., Behavioral and neurochemical changes
in rats simultaneously exposed to manganese and lead, Arch. Toxicol., 49, 49, 1981.

Chandra, S. V. and Shukla, G. 8., Concentrations of striatial catecholamines in rats given manganese
chloride through drinking water, J. Neurochem., 36, 683, 1981.

Chang, L. W. and Hartmann, H. A., Blood-brain barrier dysfunction in experimental mercury intoxi-
cation, Acta Neuropathal., 21, 179, 1972.

Chang, L. W., Wenger, G. R., McMillan, D. E., and Dyer, R. S., Species and strain comparison of
acute neurotoxic effects of trimethyltin in mice and rats, Neurobehav. Toxicol. Teratol., 5, 337, 1983.

. Chou, D. T., Cuzzore, H., and Hirsh, K. R., Assessment of blood platelets as a model for CNS response,

Life Sei,, 33, 1149, 1983,

Clingbine, N., Effect of colchicine and lumicolchicine on learning in goldfish, Br. J. Pharmacol., 59,
449P, 1977.

Cohn, W, J., Boylan, J. J., Blanke, R, V., Fariso, M. W., Homel, J. R., and Guzelian, P. §.,
Treatment of chlordecone (kepone) toxicity with cholestyramine, N. Engl. J. Med., 298, 243, 1978.
Colburn, W. A. and White, C. M., Effect of specific antisera on the redistribution of chiorinated biphenyls
in the mouse, Life Sci., 24, 169, 1982,

. Corda, M. G., Concas, A., Rossetti, Z., Guarneri, P., Corongiu, F. P., and Biggio, G., Methylmercury

enhances *H-diazepam binding in different areas of the rat brain, Brain Res., 229, 264, 1981.
Cotton, R. G. H. and Danks, D. M., Purification of inactive phenylalanine hydroxylase protein from
liver in classical phenylketonuria, Nature (London), 260, 63, 1976.

. Coyle, J. T. and Axelrod, J., Dopamine B-hydroxylase in rat brain: developmental characteristics, J.

Neurochem., 19, 449, 1972.

Creel, D., Inappropriate use of albino animals as models in research, Pharmacol. Biochem. Behav., 12,
969, 1980.

Davies, P. W. and Bronk, D. W., Oxygen tension in mammalian brain, Fed. Proc,, 16, 689, 1957,
Davison, A. W. and Dobbing, J., The developing brain, in Applied Neurochemistry, Davison, A. N. and
Dobbing, J., Eds., Blackwell Scientific, Oxford, 1968, 253.

. Dewar, A, J., Moffett, B. J., and Sitton, M. F., Lysosomal enzyme measurements as an aid in the

detection of chemically induced peripheral neuropathy, in Industrial Toxicology, Elsevier/North Holland,
Amsterdam, 1979,

Dienel, G. A. and Cruz, N. F., Induction of brain ornithine from metabolic, mechanical, thermal, or
chemical injury, J. Neurochem., 42, 1051, 1984.



398

52.
a3,

54.
55.

56.
57.

38.
59.

61.
62.

63.
. Friede, R. L., Control of myelin formation by axon caliber (with a model of the control mechanism), J.

65.

67.

68.
69.

70.

1.

72.
73.
74.
75.
76.
T
78.
79.
80.
81.
8la.
82.

83.

CRC Critical Reviews in Toxicology

Dimpfel, W., Rat nerve cell cultures in pharmacology and toxicology, Arch. Toxicol., 44, 55, 1980.
Dobbing, J., Vulnerable periods in developing brain, in Applied Neurochemistry, Davison, A, N, and
Dobbing, 1., Eds., Blackwell Scientific, Oxford, 1968, 287,

Dreyfus, P. M., The regional distribution of transketolase in the normal and thiamine deficient nervous
system, J. Neuropathol. Exp. Neurol., 24, 119, 1965.

Dunn, A. J., Intracerebral injections inhibit amino acid incorporation into brain protein, Brain Res.. 99,
405, 1975.

Dunn, A. J., The neurochemistry of learning and memory, Environ. Health Perspect., 26, 143, 1978,
Dunn, A. J. and Bondy, 8. C., Development of the brain, in Functional Chemistry of the Brain, Spectrum
Publications, New York, 1974, 229,

Enna, 8. J. and Yamamura, H. L., Neurotransmitcer Receptors, Chapman & Hill, New York, 1980, 364.
Eskeland, B. and Nafstad, 1., The modifying effect of multiple generation selection and dietary cadmium
on methyl mercury toxicity in Japanese quail, Arch. Toxicol., 40, 303, 1978.

Eto, Y. and Suzuki, K., Cholesterol ester metabolism in rat brain. A cholesterol ester hydrolase specifically
localized in the myelin sheath, J. Biol. Chem., 248, 1986, 1973,

Fox, D. A., Wright, A. A., and Costa, L. G., Visual acuity deficits following neonatal lead exposure:
cholinergic interactions, Neurobehav. Toxicol. Teratol., 4, 689, 1982,

Fox, D, A., Pharmacological and biochemical evaluation of triethyltin’s anticonvulsant effects, Neurobehav,
Toxicol, Teratol., 4, 273, 1982.

Fried, R., Superoxide dismutase activity in the nervous system, J. Neurosci. Res.. 4, 435, 1979,

Comp. Neurol., 144, 233, 1972.
Gajdusek, D. G., Unconventional viruses and the origin and disappearance of Kuru, Science, 197, 943,
1977.

. Gallistel, C. K., Karreman, G. A., and Reivich, M., "“C deoxyglucose uptake marks systems activated

by rewarding brain stimulation, Brain Res. Bull., 2, 149, 1977.

Gazit, H., Silman, I., and Dudai, Y., Administration of an organophosphate causes a decrease in mus-
carinic receptor levels in rat brain, Brain Res., 174, 351, 1979.

Goldberg, A. M., Mechanisms of neurotoxicity as studied in tissue culture, Toxicology, 17, 201, 1980.
Graham, D. G., Lee, J. S., and Abou-Donia, M. B., The use of human neuroblastoma cells in tissue
culture in the study of organophosphorus-induced delayed neurotoxicity, Soc. Toxicol. Abstr., A32, 1980.
Grandjean, P. and Neilsen, T., Organolead compounds: environmental health aspects, Residue Rev., 72,
97, 1979.

Handleman, G. E., Olton, D. S., O'Donohue, T. L., Beinfeld, M. C., Jacobowitz, D. M., and
Cummins, C. J., Effects of time and experience on hippocampal neurochemistry after damage to the CA3
subfield, Pharmacol. Biochem. Behav., 18, 551, 1983.

Hammond, P. B., Metabolism and metabolic action of lead and other heavy metals. in Toxiciry of Heavy
Merals in the Environment, Oehme, F. W., Ed., Marcel Dekker, New York, 1978, 87.

Harden, T. K., Wolfe, B. B., Sporn, J. R., Perkins, J. P., and Molinoff, P. B., Ontogeny of -
adrenergic receptors in rat cerebral cortex, Brain Res.; 125, 99, 1977.

Harris, R. A. and Schroeder, F., Effects of barbiturates and ethanol on the physical properties of brain
membranes, J. Pharmacol. Exp. Ther., 223, 424, 1982,

Hedlund, B., Gamarra, M., and Bartfai, T., Inhibition of striatal muscarinic receptors in vivo by cadmium,
Brain Res., 168, 216, 1979.

Heikkila, J. J. and Brown, I. R., Hyperthermia and disaggregation of brain polysomes induced by bacterial
pyrogen, Life Sci., 25, 347, 1979.

Henderson, N. D., Brain weight increases resulting from environmental enrichment: a directional dominance
in mice, Science, 169, 776, 1970.

Hesketh, J. E., Glen, A. I. M., and Reading, H. W., Membrane ATPase activities in depressive illness,
J. Neurochem., 28, 1401, 1977.

Hilton, J. G., Brown, G. L., and Proctor, P. H., Effects of superoxide dismutase and catalase on central
nervous system toxicity of hyperbaric oxygen, Toxical. Appl. Pharmacol., 53, 50, 1980,

Hong, J. S., Tilson, H. A., Agrawal, A. K., Karoum, F., and Bondy, 8. C., Postsynaptic location of
acrylamide-induced modulation of striatial *H-spiroperidol binding, Neurotoxicology, 3, 108, 1982.
Hong, J. S., Hung, C. R., Seth, P. K., Mason, G., and Bondy, S. C., The results of manganese
treatment of the levels of neurotransmitters, hormones and neuropeptides: interaction of stress with such
effects, Environ. Res., 34, 242, 1984.

Hong, J. S. and Bondy, 8. C., unpublished data.

Imam, Z. and Chandra, 8. V., Histochemical alterations in rabbit testes produced by manganese chloride,
Toxicol. Appl. Pharmacol., 32, 534, 1975.

Jacobs, J. M., Vascular permeability and neurotoxicity, in Nervous System Toxicology, Mitchell, C. L.,
Ed., Raven Press, New York, 1982, 285.



84.

85,

87.
88.

89.

al.

92.
93.

95.

98.
. Leung, T. K. C., Lai, J. C. K., Tricklebank, M., Darison, A, N., and Lim, L., Chronic manganese

101,
102.

103.

105.
106.
107.

108.

110.

112,

Volume 14, Issue 4 399

Johansson, O., Hokfelt, T., Pernow, D., Jeffcoate, S., Shite, N., Steinbursch, H., Verhofstad, A.,
Emson, P., and Spindel, E., Immunohistochemical support for three putative transmitters in one neuron;
coexistence of 5-hydroxytryptamine, substance P and thyrotropin releasing hormone immunoreactivity in
medullary neurons projecting to the spinal cord, Neuroscience, 6, 1857, 1981,

Johnson, M. K., The delayed neuropathy caused by some organophosphorus esters: mechanism and
challenge, in CRC Crit. Rev. Toxicol,, 3, 289, 1975.

. Johnson, M., K., Mechanism of protection against the delayed neurotoxic effects of organophosphorus

esters, Fed. Proc., 35, 73, 1976.

Jonsson, G. and Hallman, H., Substance P counteracts neurotoxin damage on norepinephrine neurons in
rat brain during ontogeny, Science, 215, 75, 1982,

Kaplan, M. L. and Murphy, 8. D., Effect of acrylamide on rotarod performance and sciatic nerve p-
glucuronidase activity of rats, Toxicol. Appl. Pharmacol., 22, 259, 1971.

Karahasan, A. M., Tildon, J. T., Ozand, P. T., and Maclarken, N. K., Glycerol-induced changes in
hydroxyl human serum dopamine B-hydroxylase. Biochem. Pharmacol., 27, 2369, 1978,

. Kessler, K. A., Tricyclic antidepressants: mode of action and clincal use, in Psychopharmacology: A

Generation in Progress, Lipton, M. A, DiMascio, A.. and Killam, K. F., Eds., Raven Press, New York,
1978, 1289.

Kingsley, J. R., Collins, G. H., and Converse, W. K., Effect of sciatic neurectomy on myelinogenesis
in the rat spinal cord, Exp. Neurol., 26, 498, 1970.

Krieger, D. T., Brain peptides: what, where and why?, Science, 222, 975, 1983,

Kurihara, T., Nusshaum, J. L., and Mandel, P., 2’ 3'-Cyclic nucleotide 3'-phosphohydrolase in brains
of mutant mice with deficient myelination, J. Neurochem., 17, 993, 1970.

. Langer, 8. Z., Zarifian, E., Briley, M., Raismann, R., and Sechter, D., High affinity binding of ‘H-

imipramine in brain and platelets and its relevance to the biochemistry of affective disorders, Life Sci., 29,
211, 1981,

Laskey, J. W., Rehnberg, G. L., Hein, J. F., and Carter, 8. D., Effects of chronic manganese (Mn,0,)
exposure on selected reproductive parameters in rats, J. Toxicol. Environ. Health, 9, 677,

. Lassen, N. A., Ingvar, D. H., and Skinhej, E., Brain function and blood flow, Sci. Am., 239, 62, 1978.
97.

Lefur, G., Meininger, V., Phan, T., Gerard, A., Baulac, M., and Vzan, A., Decrease in lymphocyte
*H-spiroperidol binding in Parkinsonism, Life Sci., 71, 1587, 1980.
Lehninger, in Biochemistry, Worth Publisher, New York, 1970, 347.

treatment of rats alters synaptosomal uptake of dopamine and the behavioral response to amphetamine
administration, J. Neurochem., 39, 1496, 1982.

. Levy, A., The effect of cholinesterase inhibition on the ontogenesis of central muscarinic receptors, Life

Sci., 29, 1065, 1981,

Lister, R. G., File, S, E., and Greenblatt, D. J., The behavioral effects of diazepam are poorly related
to its concentration in brain, Life Sci., 32, 2033, 1983.

Loeb, A. L. and Anderson, R. J., Vitamin B, protection against acrylamide neurotoxicity, Abstr. Soc.
Neurosci., 8, 699, 1980.

Lokiec, F., Cohen, Y., and Jaquot, C., Cageing density and dopamine striatal elimination after am-
phetamine in the rat, Psychopharmacology, 73, 402.

. London, E. D., Klemm, N., and Coyle, J. T., Phylogenetic distribution of *H-bianic acid receptor binding

sites in neuronal tissue, Brain Res., 192, 463, 1980.

Lorenzo, A. V. and Gewurtz, M., Inhibition of “C-tryptophan transport into the brain of lead-exposed
neonatal rabbits, Brain Res., 132, 386, 1977.

Lotti, M. and Johnson, M. K., Neurotoxicity of organophosphate pesticides: predictions can be based on
in vitro studies with hen and human enzymes, Arch. Toxicol., 41, 215, 1978.

Mactutus, C. F, and Fechter, L. D., Prenatal exposure to carbon monoxide: learning and memory deficits,
Science, 223, 409, 1984.

Malmfors, T. and Thoenen, H., 6-Hydroxydopamine and Catecholamine Neurons, Elsevier/North-Hol-
land, Amsterdam, 1971.

. Martin, S. M. and Moberg, G. P., Developmental effects of intraperitoneal saline injections in neonatal

rats, Life Sci., 29, 143, 1981,

Matheson, D. F., Some aspects of lipid and protein metabolism in developing rat optic nerves, Brain Res.,
24, 271, 1970.

Matsutani, T., Tamaru, M., Hayakama, Y., Nagayoshi, M., Nakahara, T., and Tsukada, Y., A
neurochemical study of developmental impairment of the brain caused by the administration of cytosine
arabinoside during the fetal or neonatal period of rats, Neurochem. Res., 8, 1295, 1983,

McVicar, M., Gauthier, B., and Goodman, C. T., Uremic neuropathy. Monitoring of transketolase
activity inhibition in a child, Am. J. Dis. Child, 125, 263, 1973.



400

113.

114.

115.
116.
7.
118,

119,

121.

122.

123.

124.
125.
126.

127.

128,

129.

131.

132,

133.

137.

138.

CRC Critical Reviews in Toxicology

Mendell, J. R. and Sahenk, Z., Interference of neuronal processing and axoplasmic transport by toxic
chemicals, in Experimental and Clinical Neurotoxicology, Spencer, P. S. and Schaumburg, H. H., Eds.,
Williams & Wilkins, Baltimore, 1980, 139.

Michaelson, I. A., An appraisal of rodent studies on the behavioral toxicity of lead, the role of nutritional
status, in Lead Texiciry, Singhal, R. L. and Thomas, J. A., Eds., Urban & Schwarzenberg, Baltimore,
1980, 301.

Miller, A. L., Hawkins, R. A., and Veech, R. L., Phenylketonuria: phenylalanine inhibits brain pyruvate
kinase in vivo, Science, 179, 904, 1973.

Mitchell, C. L., The design and analysis of experiments for the assessment of drug interactions, Ann. N.Y.
Acad. Sci., 281, 118, 1976.

Mithen, F, A., Cochran, M., Johnson, M. 1., and Bunge, R. P., Neurotoxicity of polystyrene containers
detected in a closed tissue culture system, Newrosci. Len., 17, 107, 1980.

Moore, M. R., Meredith, P. A., and Goldberg, A., Lead and heme biosynthesis, in Lead Toxiciry,
Singhal, R. L. and Thomas, J. A., Eds., Urban & Schwarzenberg, Baltimore, 1980, 79.

Nagatsu, T., Levitt, M., and Udenfriend, S., Solubilization and partial purification of tyrosine hydroxylase
from bovine adrenal medulla, J. Biol. Chem., 246, 1330, 1964,

. Naylor, G. J., Dick, A. M., Dich, E. G., LePoidevin, D., and Whyte, S. F., Erythrocyte membrane

cation carrier in depressive illness, Psychol. Med., 3, 502, 1973.

Nemeroff, C. B., Lamartiniere, C. A., Mason, G. A., Squibb, R. E., Hong, J. S., and Bondy, S.
C., Marked reduction in gonadal steroid hormone levels in rats treated neonatally with monosodium glu-
tamate: further evidence for disruption of hypothalamus-pituitary-gonadal axis regulation, Neuroendocri-
nology, 33, 265, 1981.

Oldendorf, W. ]J., Brain uptake of radiolabeled amino acids, amines, and hexoses after arterial injection,
Am. J. Physiol., 221, 1629, 1971.

Olney, J. W., Labruyere, J., Collins, J. F., and Curry, K., p-aminophosphonovalerate is 100-fold
more powerful than D-alpha-aminoadipate in blocking N-methylaspartate neurotoxicity, Brain Res., 221,
207. 1981.

Olney, J. W., Glutamate-induced neuronal necrosis in the infant mouse hypothalamus, J. Neuroparhol.
Exp. Neurol., 30, 75, 1971.

Oscar, K. J. and Hawkins, T. D., Microwave alteration of the blood-brain barrier system of rats, Brain
Res., 126, 281, 1977. :
Pardridge, W. M., Connor, J. D., and Crawford, 1. L., Permeability changes in the blood-brain barrier:
causes and consequences, CRC Crit. Rev. Toxicol., 3, 159, 1975.

Patel, A. J. and Lewis, P. D., Effects of cell proliferation of pharmacological agents on the central nervous
system, in Mechanisms of Action of Neurotoxic Substances, Prasad, K. N. and Vernadakis, A., Eds., Raven
Press, New York, 1982, 18].

Philips, J. P., Jones, H. M., and Hitchcock, R., Radioimmunoassay of serum creatine kinase as an index
of brain damage after injury, Br. Med. J., 281, 777, 1980.

Pleasure, D, E., Mishler, K. C., and Engle, W, K., Axonal transport of proteins in experimental
neuropathies, Science, 166, 524, 1969.

. Prasad, K. N., Harrington, M. E., and Bondy, 8. C., Effects of methylmercuric chloride on high affinity

uptake of certain putative neurotransmitters in neuroblastoma and glioma cell cultures, Toxicol. Len., 4,
373, 1979.

Prina, R., Dolfini, E., Mennini, T., Palermo, A., and Libretti, A., Reduced serotonin uptake by
spontaneously hypertensive rat platelets, Life Sci., 29, 2375, 1981,

Purpura, D. and Suzuki, K., Distortion of neuronal geometry and formation of aberrant synapses in
neuronal storage disease, Brain Res., 116, 1, 1976.

Reichert, B. L. and Abou-Donia, M. B., Inhibition of fast axoplasmic transport by delayed neurotoxic
organophosphorus esters: a possible mode of action, Mol. Pharmacol., 17, 56, 1980.

. Reinis, S. and Goldman, J. M., A molecular approach to neuronal plasticity, in The Chemistry of Behavior,

Plenum Press, New York, 1982, 373,

. Richardt, L. G. and Matthew, W. D., Monoclonal antibodies: applications to studies on the chemical

synapses, Trends Neurosci.. 5, 24, 1982.

. Rosecrans, J. A., Hong, J. S., Squibb, R. E., Johnson, J. H., Wilson, W. E., and Tilson, H. A.,

Effects of perinatal exposure to chlordecone (Kepone) on neuroendocrine and newrochemical responsiveness
of rats to environmental challenges, Neurotoxicology, 3, 131, 1982.

Russell, F. E., Emery, J. A., and Bowers, B. J., A comparison of the mouse and chick in toxicity
determinations, Toxicol. Appl. Pharmacol., 2, 558, 1960.

Russell, D. H., Omithine decarboxylase as a biological and pharmacological tool, Pharmacology, 20, 117,
1980.



139.

140.

141

142,

143,

145.

146.

147,

148,
149.

150.
I51.
152.
153.

154.

155.

156.

157.

158.

159.
160.

161.

162.
163.

Volume 14, Issue 4 401

Sahakian, B. J., Wurtman, R. J., Barr, J. K., Millington, W. R., and Chiel, H. J., Low tryptophan
diet decreases brain serotonin and alters response to apomorphine, Nature (London), 279, 731, 1979,
Sahenk, Z. and Mendell, J. R., Axoplasmic transport in zinc pyridinethione neuropathy: evidence for an
abnormality in distal turn-around, Brain Res.. 186, 343, 1980.

. Saito, K., Parker, W. B., and Menzel, D. B., Disruption of phospholipid metabolism by paraguat in

cultured pneumocytes, J. Toxical. Environ. Health, 9, 527, 1982,

Schaumberg, H. H. and Spencer, P. 8., Environmental hydrocarbons produce degeneration in cat hy-
pothalamus and optic tract, Science. 199, 199, 1978.

Schiller, G. D., Reduced binding of ‘H-quinuclidinyl benzilate associated with chronically low acetylcho-
linesterase activity, Life Sci., 24, 1159, 1979,

. Schubert, ., Riley, E. J., and Tyler, S. A., Combined effects in toxicology — a rapid systematic testing

procedure: cadmium, mercury and lead, J. Toxicol. Environ. Health, 4, 763, 1978.

Schwab, M. E. and Thoenen, H., Retrograde axonal and transsynaptic transport of macromolecules:
physiological and pathophysiological importance, Agenis Act., 7, 361, 1977.

Seth, P. K., Hong, J. S., Kilts, K., and Bondy, 8. C., Alteration of cerebral high affinity binding sites
by exposure of rats to manganese, Toxicol. Ler., 9, 247, 198]a.

Seth, P. K., Agrawal, A, K., and Bondy, S. C., Biochemical changes in the brain consequent to dietary
exposure of developing and mature rats to chlordecone, Toxicol. Appl. Pharmaceol., 59. 262, 1981b.
Shelanski, M. L. and Leim, R. K. H., Neurofilaments, J. Neurochem., 33, 5, 1979.

Shukla, G. S. and Chandra, S. V,, Species variation in manganese induced changes in brain biogenic
amines, Foxicol. Letr., 3, 249, 1979.

Sidman, R. L., Green, M. C., and Appel, S. H., Catalog of the Neurological Mutants of the Mouse,
Harvard University Press, Cambridge. 1966.

Singerman, A. and Catalina, R. L., Proc. Int. Congr. Occup. Health, 16, 554, 1971,

Snyder, 8., Receptors, neurotransmitters and drug responses, N. Engl. J. Med., 300, 465, 1979.
Sokoloff, L., Circulation and energy metabolism of the brain, in Basic Neurochemistry, Siegel, G. J.,
Albers, R. W., Katzmann, R., and Agranoff, B. W., Eds., Liutle, Brown, Boston, 1976, 388.

Sokoloff, L., Reivich, M., Kennedy, C., Des Rosers, M. H., Patlak, C. S., Pettigrew, K. D., Sakurado,
A. 0., and Shinohara, M., The "“C-deoxyglucose method for the measurement of local cerebral glucose
utilization: theory, procedure, and normal values in the conscious and anesthetized albino rats, J. Neuro-
chem., 28, 897, 1977.

Spencer, P. S., Bischoff, M. C., and Schaumberg, H. H., On the specific molecular configuration of
neurotoxic aliphatic hexacarbon in compounds causing central-peripheral distal axonopathy. Toxicol. Appl.
Pharmacol., 44, 17, 1978.

Squibb, R. A. and Tilson, H. A., Effects of single exposure to acrylamide in rats fed purified or cereal
based diets, Environ. Health Perspeci., 33, 321, 1979,

Stahl, 8. M., A diagnostic and research tool for the study of biogenic amines in psychiatric and neurological
disorders, Arch. Gen. Psychiatr., 34, 509, 1977.

Stein, M., Schiavi, R. C., and Camerino, M., Influence of brain and behavior on the immune system.
Science, 191, 435, 1976.

Stein-Werblowsky, R., The sympathetic nervous system and cancer, Exp. Neurol., 42, 97, 1974.
Steinwall, O. and Klatzo, 1., Selective vulnerability of the blood brain barrier in chemically induced
lesions, J. Neuropathol. Exp. Neurol., 25, 542, 1966.

Stoekel, K., Guroff, G., Schwab, M., and Thoenen, H., The significance of retrograde axonal transport
for the accumulation of systemically administered nerve growth factor in the rat superior cervical ganglion.
Brain Res., 109, 271, 1976.

Stryer, L., Biochemistry, W. H. Freeman, San Francisco, 1975, 307.

Tilson, H. A. and Squibb, R. E., The effects of acrylamide on the behavioral suppression produced by
psychoactive agents, Neurotoxicology, 3, 113, 1982.

. Tomiwa, K., Hazama, F., and Mikawa, H., Neurotoxicity of vincristine after the osmotic opening of

the blood-brain barrier, Neuropathol. Appl. Neurobiol., 9, 345, 1983.

. Toran-Allerand, C. D., Acetylcholinesterase inhibition and myelinogenesis in vitro, Exp. Neurol., 43,

216, 1974,

. Ueno, J., Yamashita, Y., and Caveness, W. F., Regional cerebral blood flow pattern in focal epileptiform

seizures in the monkey, Exp. Neurol., 47, 81, 1975.

. Uphouse, L. L., Interactions between handling and acrylamide on the striatal dopamine receptor, Brain

Res., 221, 421, 1981.

. Uphouse, L. L., Nemeroff, C. B., Mason, G., Prange, A. J., and Bondy, S. C., The effects of handling

rats on endocrine responses and their interaction with exposure to a neurotoxic agent, Neurotoxicology, 3,
121, 1982.

. Uphouse, L. L., Tilson, H. A., and Mitchell, C. L., Long-term effects of behavioral testing on serum

hormones and brain weight, Life Sci., 33, 1395, 1983.



402

170.

171.

172.

173.

174.

175.

176.

177.

178,

179,

CRC Critical Reviews in Toxicology

Van Woert, M. H., Plaitakis, A., and Hwang, E. C., Neurotoxic effects of DDT [1,1,1,-trichloro-2,2-
bis-{p-chlorophenyllethane] = role of serotonin, in Mechanisms of Actions of Neurotoxic Substances, Prasad,
K. and Vernadakis, A., Eds., Raven Press, New York, 1982, 143.

Vinores, S. A, and Perez-Polo, J. R., Role of nerve growth factors in ethylnitrosourea-induced neural
carcinogenesis, J. Neurosci. Res., 5, 351, 1980.

Wakabayashi, M., Araki, K., and Takahashi, Y., Increased rate of fast axonal transport in methyl-
mercury-induced neuropathy, Brain Res., 117, 524, 1976.

Walsh, T. J. and Tilson, H. A., The use of pharmacological challenges in neurotoxicology, in Behavioral
Toxicology, Annau, Z., Ed., Johns Hopkins University Press, Baltimore, 1984.

Wiggins, R. C., Benjamins, J. A., Krigman, M. R., and Morell, P., Synthesis of myelin proteins during
starvation, Brain Res., 80, 345, 1974.

Wilson, W. E., Dopamine sensitive adenylate cyclase inactivation by organolead compounds, Neurotox-
icology, 3, 100, 1982,

Wise, A., Interaction of diet and toxicity — the future role of purified diet in toxicological research. Arch.
Toxicol., 50, 287, 1982,

Woad, J. D., Seizures induced by hyperbaric oxygen and cerebral a-aminobutyric acid in chicks during
development, J. Neurochem., 17, 573. 1970.

Yamamura, H. L, Enna, 8. ]., and Kuhar, M. J., Neurotransmitter Receptor Binding, Raven Press,
New York, 1978.

Yonezawa, T. and Iwanami, H., An experimental study of thiamine deficiency in nervous tissue using
tissue culture techniques, J. Newropathol. Exp. Neurol.. 25, 362, 1966.





