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Preface

Developmental defects are a significant human-health problem. Approxi-
mately 3% of human developmental defects are attributed to exposure to toxic
chemicals (e.g., lead and mercury) and physical agents (e.g., radiation), including
agents found in the environment. Twenty-five percent of developmental defects
might be due to a combination of genetic and environmental factors, where those
factors are defined broadly to include physical, chemical, and biological agents
and conditions, such as infections, nutritional deficiencies and excesses, life-style
factors (e.g., alcohol), hyperthermia, ultraviolet radiation, X-rays, and the myriad
of manufactured chemicals (e.g., pharmaceuticals, synthetic chemicals, solvents,
pesticides, fungicides, herbicides, cosmetics, and food additives) and natural ma-
terials (e.g., plant and animal toxins and products). Because of human-health
concerns about the developmental toxicity of environmental agents, scientists
and regulators have focused efforts on understanding and protecting against the
potential hazards of these agents to developing embryos, fetuses, and children.

Recent advances in the fields of developmental biology and genomics pro-
vide opportunities to further understand the role of environmental agents in hu-
man developmental defects and, therefore, the National Research Council (NRC)
undertook a project to explore the opportunities in this area. The first phase of the
project consisted of a symposium entitled “New Approaches for Assessing the
Etiology and Risks of Developmental Abnormalities from Chemical Exposure.”
The symposium was held December 11-12, 1995, in Washington, D.C. In the
second phase, a multidisciplinary committee with expertise in developmental bi-
ology and developmental toxicology was convened by the NRC to prepare this
consensus report.

In this report, the Committee on Developmental Toxicology evaluates cur-
rent approaches used to assess risk for developmental defects and identifies key

ix
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areas of uncertainty in those approaches. It also evaluates current understanding
of the mechanisms of action of chemicals that result in developmental defects.
The committee examines recent advances in developmental biology and genomics
to highlight how new scientific information can be used to improve risk assess-
ment for developmental toxicants and to elucidate the mechanisms by which toxi-
cants induce developmental defects. Finally, the committee evaluates how the
new information and technologies can be integrated into an overall risk-assess-
ment framework.

The number of new discoveries made between late 1995, when the NRC
symposium was held, and the beginning of 2000, when this report was com-
pleted, is staggering—especially in genomics, human genetics, transgenic mouse
studies, and elucidation of signal transduction pathways of central importance to
developmental biology and, by extrapolation, to developmental toxicology. The
amount of additional information expected in the next 4 years likely will be even
more explosive. Hence, it should be emphasized that this report represents a
“snapshot in time” during a time of monumental advances in molecular biology
and genetic research.

We would like to express our thanks and appreciation to Carole Kimmel,
U.S. Environmental Protection Agency, who was instrumental in helping the NRC
to initiate this project. The committee was generously assisted by the following
people who presented valuable background information during the committee’s
public sessions: Carole Kimmel; Lewis Holmes, Harvard Medical School; Daniel
Krewski, University of Ottawa; Andrew Olshan, University of North Carolina,
Chapel Hill; James Ostell, National Center for Biotechnology Information; Allan
Spradling, Carnegie Institute of Washington; and Robert Strausberg, National
Cancer Institute. We gratefully acknowledge Barbara Abbott, U.S. Environmen-
tal Protection Agency, and Patricia Rodier, University of Rochester, who, at the
committee’s request, contributed information on the mechanism of action of
2,3,7,8-tetrachlorodibenzo-p-dioxin and on chemicals that may induce autism,
respectively.

We also gratefully acknowledge Paul Peters from the University of Utrecht.
Dr. Peters served as a consultant to the committee and provided valuable infor-
mation on research being done in European countries to improve risk assessment
for developmental defects.

The committee wishes to thank the American Industrial Health Council, the
Centers for Disease Control and Prevention, the U.S. Department of Defense, the
U.S. Environmental Protection Agency, the U.S. Department of Veterans Affairs,
the National Center for Toxicological Research, the National Institute of Envi-
ronmental Health Sciences, the National Institute of Child Health and Human
Development, and the National Institute for Occupational Safety and Health for
their interest and support of this project.

This report has been reviewed in draft form by individuals chosen for their
diverse perspectives and technical expertise in accordance with procedures ap-
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proved by the NRC’s Report Review Committee for reviewing NRC and Institute
of Medicine reports. The purpose of this independent review is to provide candid
and critical comments that will assist the NRC in making the published report as
sound as possible and to ensure that the report meets institutional standards for
objectivity, evidence, and responsiveness to the study charge. The review com-
ments and draft manuscripts remain confidential to protect the integrity of the
deliberative process. We wish to thank the following individuals, who are neither
officials nor employees of the NRC, for their participation in the review of this
report: John DeSesso, Mitretek Systems; Barbara Hales, McGill University;
Lewis Holmes, Harvard Medical School; John Moore, National Toxicology Pro-
gram Center for the Evaluation of Risks to Human Reproduction; Gary Shaw,
California Birth Defects Monitoring Program; Allan Spradling, Carnegie Institu-
tion of Washington; and Patrick Wier, Smithkline Beecham Pharmaceuticals.
Donald Mattison, March of Dimes Birth Defects Foundation, served as review
coordinator.

The individuals listed above have provided many constructive comments and
suggestions. It must be emphasized, however, that responsibility for the final
content of this report rests entirely with the authoring committee and the NRC.

We are grateful for the assistance of the NRC staff in the preparation of the
report. Staff members who contributed to this effort are Warren Muir, executive
director of the Commission on Life Sciences; James Reisa, director of the Board
on Environmental Studies and Toxicology; Carol Maczka, director of BEST’s
Toxicology and Risk Assessment Program; Ruth Crossgrove, editor; Mirsada
Karalic-Loncarevic, information specialist; Leah Probst, senior project assistant;
and Emily Smail, project assistant. We are especially indebted to Abigail Stack,
who served as project director. In this role, Dr. Stack served tirelessly, both with
scientific and administrative support, maintaining the integrity of the report yet
gently insisting on timely responses. We thank her for her excellent service in
this challenging role.

Finally, we would like to thank all the members of the committee for their
dedicated efforts throughout the development of this report.

We hope this report reflects the exciting deliberations of the committee that
led to its genesis.

Elaine Faustman, Ph.D.
Chair, Committee on Developmental Toxicology

John Gerhart, Ph.D.
Vice Chair, Committee on Developmental Toxicology
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Executive Summary

Of approximately 4 million births per year in the United States, major devel-
opmental defects are identified in approximately 120,000 live-born infants. Ma-
jor defects are defined as ones that are life threatening, require major surgery, or
present a significant disability. The most frequently recognized class of develop-
mental defects are the structural abnormalities (e.g., neural tube and heart de-
fects), which represent the majority of the developmental defects identified at
birth. Other manifestations of abnormal development include growth retardation
(e.g., low birth weight), functional deficits (e.g., mental retardation), and pre- and
postnatal death (including early pregnancy losses). Because of differences in
definition, detection, and reporting practices, the actual frequency of develop-
mental defects is not known with certainty.

At present, the causes of the majority of developmental defects are not un-
derstood. It is known that prenatal exposure to some chemicals (e.g., mercury,
lead, and polychlorinated biphenyls) and physical agents (e.g., radiation) found
in the environment can cause developmental defects. Scientists generally agree
that approximately 3% of all developmental defects are attributable to exposure
to toxic chemicals and physical agents, including environmental factors, and that
25% of all developmental defects may be due to a combination of genetic and
environmental factors. These environmental factors include infection, nutritional
deficiencies and excesses, life-style factors (e.g., alcohol), hyperthermia, ultra-
violet radiation, X-rays, and closer to the concerns of this committee, the myriad
of manufactured and natural agents encountered by humans.

THE CHARGE TO THE COMMITTEE

The National Research Council (NRC) undertook the study leading to this
report to clarify how environmental agents may be impacting human develop-

1
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ment by using the scientific knowledge gained from major advances in develop-
mental and molecular biology over the past 10-15 years. This study was under-
taken with a public health goal of understanding mechanisms of developmental
defects to improve our preventive actions. The Committee on Developmental
Toxicology was formed to evaluate the current understanding of the mechanisms
of action of developmental toxicants and to make recommendations for the im-
provement of developmental toxicity risk assessment. The specific tasks of the
committee were as follows: (1) evaluate the evidence supporting hypothesized
mechanisms of developmental toxicity; (2) evaluate the state of the science on
testing for mechanisms of developmental effects; (3) evaluate how that informa-
tion can be used to improve qualitative and quantitative risk assessment for de-
velopmental effects; and (4) develop recommendations for future research in de-
velopmental toxicology and developmental biology; focus on those areas most
likely to assist in assessing risk for developmental defects.

COMMITTEE’S APPROACH TO ITS CHARGE

The project was conducted in two phases. The first phase consisted of a
symposium entitled “New Approaches for Assessing the Etiology and Risks of
Developmental Abnormalities from Chemical Exposure,” which was held De-
cember 11-12, 1995, in Washington, D.C. The proceedings from that symposium
were published in Reproductive Toxicology' and were used as background infor-
mation for the second phase of the project. In the second phase, a multidisci-
plinary committee with expertise in developmental biology and developmental
toxicology was asked to address the tasks described above.

In this report, the committee documents many recent advances in research
in the areas of developmental biology and genomics. These extraordinary ad-
vances are significant for developmental toxicology and risk assessment be-
cause they present opportunities to improve substantially the detection of devel-
opmental toxicants and to elucidate the mechanisms by which toxicants induce
developmental defects. The committee makes recommendations for incorporat-
ing the new scientific information with existing experimental methods to im-
prove the understanding of the role of environmental agents in human develop-
mental disorders.

In approaching its charge, the committee evaluated current methods used to
assess risk for developmental defects. Specifically, the committee reviewed the
types of data commonly used to evaluate chemicals for potential developmental
toxicity and explored the limitations of the risk assessment process. The limita-
tions include the lack of information on the mechanisms of action of chemicals

I Symposium Proceedings. 1997. New Approaches for Assessing the Etiology and Risks of Devel-
opmental Abnormalities from Chemical Exposure. Reprod. Toxicol. 11(2/3):261-463.
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and the uncertainties associated with the extrapolation of data among humans due
to the variability in their susceptibility to chemicals, and with the extrapolation of
data from animals to humans. The committee attempted to determine whether
those limitations could be addressed by recent advances in the understanding of
normal development, gene-environment interactions, and human susceptibility.
In particular, the committee evaluated new developmental biology data from
model animals (e.g., fruit fly, roundworm, zebrafish, and mouse), including ge-
netically modified model animals, and from new molecular biology approaches
utilizing in vitro and cellular assays. It developed approaches to show how such
new information could improve hazard identification and dose-response assess-
ment and clarify the mechanisms of developmental toxicity. The committee also
evaluated data on new technologies for assessing human variability in genes in-
volved in developmental processes and the metabolism of chemicals and deter-
mined whether the new technologies could improve risk characterization by re-
ducing uncertainty and variability. Finally, the committee evaluated how this
information could be integrated into an overall risk-assessment framework. The
committee’s major conclusions and recommendations, organized in response to
each of the committee’s tasks, are discussed in the remainder of this summary.

CONCLUSIONS IN RELATION TO THE CHARGE

Charge 1: Evaluate the Evidence Supporting Hypothesized Mechanisms
of Developmental Toxicity. There are only a few compounds (e.g., retinoic
acid, diethylstilbesterol (DES), and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD))
for which the mechanism of developmental toxicity is partially explained and no
compound for which it is fully explained. Reasons for this incomplete under-
standing include the lack of knowledge about normal developmental processes,
the complexity of developmental toxicity, the broad spectrum of agents and
chemical mixtures present in the environment, and the variety of potential mecha-
nisms by which they might cause toxicity.

Ideally, a full description of the mechanism of action by which a chemical
causes developmental toxicity includes the following types of mechanistic infor-
mation:

(1) the chemical’s toxicokinetics (i.e., its absorption, distribution, metabo-
lism, and excretion) within the mother, fetus, and embryo;

(2) the chemical’s toxicodynamics (i.e., how the chemical or a metabolite
derived from it interacts with specific molecular components of developmental
processes in the embryo and fetus or with maternal or extraembryonic compo-
nents of processes supporting development);

(3) the consequences of those interactions on cellular or developmental pro-
cesses (also part of toxicodynamics); and

(4) the consequence of the altered process for a developmental outcome,
namely, the generation of a defect.
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Research has been conducted on the toxicokinetics of some toxicants (e.g.,
retinoic acid, diphenylhydantoin, methotrexate, and methylmercury). For certain
toxicants, routes and rates of exposure to the fetus and embryo have been identi-
fied, as have the presence of parent compounds and metabolites in the mother,
fetus, and embryo. Additionally, the role of drug-metabolizing enzymes (DMEs)
in the metabolism of toxicants has been studied extensively. However, knowl-
edge about critical metabolites and their reactivity with specific target tissues is
lacking for most environmental agents.

Some toxicants (e.g., retinoids, DES, and TCDD) are known to act on mo-
lecular components that function as signaling proteins and transcriptional regula-
tors (described below). However, the committee found that little information is
available on how most chemicals impact those molecular components. Where
information is available, it is generally sparse and does not allow for the associa-
tion of developmental defects with a toxicant’s action on specific molecular com-
ponents of developmental processes.

Charge 2: Evaluate the State of the Science on Testing for Mechanisms
of Developmental Effects. Major discoveries have recently been made about the
components, mechanisms, and processes of normal development. Developmen-
tal processes have been identified at the molecular level in various model ani-
mals, including the fruit fly, the roundworm, the zebrafish, the frog, the chick,
and the mouse. Molecular components of these processes are substantially con-
served (i.e., the structure and function of the components have not changed
throughout evolution) among animal phyla, including mammals; they regulate
development by signaling specific cells to activate proteins called transcription
regulators, which turn specific genes on and off. Seventeen signaling pathways
are currently recognized, and probably only a few more remain to be discovered.
These conserved pathways are used repeatedly in various combinations at differ-
ent times and locations in the developing embryo and fetus. Species differences
in development involve different times, locations, and combinations of these path-
ways. Many of the kinds of cell responses to signals also are conserved, includ-
ing selective gene expression, secretion, cell proliferation, and cell migration.

The sequencing of the human genome and a variety of animal genomes is
providing fundamental information about genome organization, genome evolu-
tion, and genetic polymorphisms (variations in the deoxyribonucleic acid (DNA)
sequence of a particular gene within a population of organisms). Identifying
polymorphisms in the human genome might provide opportunities to increase the
understanding of genotype-environment interactions and human susceptibility to
toxicants. For example, recent insights into the human differences in the activity
of various DMEs and the genetic basis for those differences offer a promising
direction for research. Components involved in developmental processes such as
the signaling pathways that might be important in susceptibility are less well
studied.
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Analyses of human and model animal gene sequences will increase the un-
derstanding of gene function and gene expression. For example, methods are
available that can be used to determine the changes in gene expression in embryos
following exposure to toxicants and to allow for assessment of the consequences
of such changes for development within a species and among various species.

Charge 3: Evaluate How Recent Advances in Developmental Biology
and Genomics Can Be Used to Improve Qualitative and Quantitative Risk
Assessment for Developmental Effects. The committee concludes that the ma-
jor recent advances in developmental biology and genomics can be used to im-
prove qualitative and quantitative risk assessments by integrating toxicological
and mechanistic data on a variety of model test animals with data on human
variability in genes encoding components of developmental processes, genes en-
coding enzymes involved in the metabolism of chemicals, and genes encoding
receptors and transporter proteins that move these chemicals and their metabolites
in and out of the cell.

For example, as described in Chapter 7 of this report, chemicals could be
evaluated for their potential to alter signaling pathways central to normal devel-
opment by using nonmammalian model animal systems, such as the fruit fly,
roundworm, and zebrafish. Those systems are inexpensive, and the assays can be
performed rapidly; therefore, large numbers of chemicals, chemical mixtures, and
testing conditions could be evaluated for impacts on these key developmental
processes. Such mechanistic information from those systems could be used to
improve the identification of potential mammalian hazards, because molecular
components and processes of development are well understood in those model
animals and because the conservation of signaling pathway components is perva-
sive and extends to humans. The nonmammalian systems, and the laboratory
mouse, can be genetically modified to facilitate the identification of vulnerable
developmental pathways, target organs, and times of susceptibility during devel-
opment.

In addition, the model animals can be assessed to define their differences
from humans in toxicokinetic and toxicodynamic properties. They also can be
genetically modified to contain human metabolism genes, which will reduce the
toxicokinetic differences between experimental animals and humans. Such infor-
mation could be used to improve extrapolation of toxicological data from model
animals to humans.

Individual human susceptibility to toxicants and genotype-environment in-
teractions could be explored using sequence information from genes encoding
DMESs and molecular components, such as components of signaling pathways,
involved in development. This information would improve the understanding of
human variability in metabolism and the identification of genes encoding molecu-
lar components that might be particularly susceptible to chemicals during devel-
opment.
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Charge 4: Develop Recommendations for Research in Developmental
Toxicology and Developmental Biology; Focus on Those Areas Most Likely
to Assist in Risk Assessment for Developmental Effects. The committee rec-
ommends a multilevel, multidisciplinary approach to risk assessment that incor-
porates information from a range of model systems intended to

(1) evaluate chemicals for potential developmental toxicity;

(2) provide mechanistic information on toxicants;

(3) address several key areas of uncertainty about the relevancy of cross
species extrapolation of toxicological information from animals to humans; and

(4) further the exploration of the genotype-environment interactions that
might underlie a large fraction of developmental defects and could help to ex-
plain human variability in response to environmental agents.

This novel approach should provide a guide for obtaining the kinds of data
that are needed for a comprehensive cross-species model of exposure and devel-
opment. Specifically, as described in Chapter 9 of this report, the committee
recommends that research be conducted in the following areas.

» Greater use of model systems for developmental toxicity and risk assess-
ment. Model systems should be used to assess and understand chemical effects
(or absence of effects). This recommendation is based on the conclusion that
model-animal research has been highly informative about mammalian develop-
ment, especially human development, and therefore, is likely to be informative
about mammalian developmental toxicity. The model systems that should be
considered include in-vitro and cellular assays, nonmammalian (e.g., fruit fly,
roundworm, and zebrafish) developmental assays, mammalian (e.g., the mouse)
developmental assays, and in-depth mammalian tests of mechanism and suscepti-
bility.

» Evaluation of chemicals for developmental toxicity. In-vitro and cellular
assays and nonmammalian tests should be used for evaluating chemicals and
chemical mixtures so that patterns of toxicity can be more readily recognized.
The number of chemicals in commerce is rapidly expanding, and it is a continu-
ing challenge to obtain toxicity data on them. These model systems could be
used quickly and are inexpensive, and their use would permit a large number of
chemicals and doses to be evaluated for their potential impact on many key devel-
opmental processes.

 Analysis of mechanisms of toxicity. Mechanistic information is essential
to our understanding of how chemicals can perturb development and, thus, is an
important component of risk evaluation. To improve the understanding of the
mechanisms of action of toxicants, critical molecular targets of components of
developmental processes should be identified. Potential critical molecular tar-
gets that should be further investigated include (1) evolutionarily conserved path-
ways of development, such as intercellular signaling pathways (including their
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associated transcriptional regulators); (2) conserved molecular-stress and check-
point pathways; and (3) conserved toxicokinetic components such as those in-
volved in the transport and metabolism of toxicants (e.g., DMEs). It is important
to explore how such molecular perturbations can result in altered function and
adverse outcomes of development. Model animals such as the fruit fly, round-
worm, and zebrafish can be used to study the mechanisms of developmental tox-
icity. The signaling pathways that operate in the development of the organs of
these organisms also operate in the development of mammalian organs; there-
fore, the effects of chemicals on fundamental processes such as signaling can be
detected. Because the same signaling pathways operating in various kinds of
organ development in mammals are partially known and will be better known
soon, a chemical’s toxicological impact on these pathways can be predicted on
the basis of the results in nonmammalian organisms and tested in mammals.
Molecular-stress and checkpoint pathways are used by cells to counteract damage
to basic cellular functions, including functions involved in development, and in-
vestigating these pathways is important to understand the broad responses of cells
to environmental stimuli. Multiple pathways are used in the development of
organs; however, one pathway at a time can be studied for a specific aspect of
development (e.g., the development of a particular organ) by using genetically
modified (e.g., sensitized) animals.

o Human variability of response to developmental toxicants. To define the
genetic basis of variability in human response to developmental toxicants, differ-
ences in toxicokinetics, signaling pathways, and molecular-stress and checkpoint
pathways need to be characterized. Two approaches to studying variability are
recommended: (1) a human epidemiological approach making use of genome
information, and (2) a model-animal approach making use of molecular biologi-
cal techniques and insights. Research should be conducted to assess differences
in the genes encoding molecular components among various species, including
humans, and among human individuals. As human gene polymorphisms are iden-
tified, they should be introduced into the mouse, and molecular biological tech-
niques should be used to assess the organisms’ sensitivity or resistance to various
chemicals.

o Assaying across the entire developmental period. All periods of develop-
ment are susceptible to the actions of toxicants. For example, early fetal loss in
human development occurs in 20-30% of initial pregnancies and, although many
of these losses are due to chromosomal aberrations, exposure to a toxicant during
early times in development can lead to loss of the embryo or fetus as well as
specific structural defects and functional deficits. Use of genetically modified
model systems could provide mechanistic information to improve the understand-
ing of early fetal loss as well as morphological alterations and later functional
deficits by providing sensitized systems for evaluating developmental defects.

o Extrapolation from animals to humans. Differences in toxicokinetics and
toxicodynamics of experimental animals and humans should be better character-
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ized to improve extrapolations from animals to humans. For example, the study
of differences in DMEs between humans and experimental animals will improve
the ability to extrapolate from animal test results to humans, because it will be
known whether the animal embryo or fetus and the human embryo or fetus are
exposed to a chemical at corresponding concentrations and times during develop-
ment. Also, when the differences between animal and human DME activities are
understood, mice can be genetically modified to make them more similar to hu-
mans in chemical metabolism. Studies on developmental components, such as
signaling components and transcriptional regulators, that are similar to those dis-
cussed here for DME:s also should be conducted. Sequence information from the
human and mouse genomes will facilitate these studies, as will studies on mice
bearing targeted gene alterations.

o Extrapolations from high to low doses. Because exposure to a chemical at
high doses might affect a variety of developmental processes, while exposure at
low doses might affect only one critically sensitive pathway, studies using model
test animals should be conducted to distinguish dose effects and, in particular, to
distinguish effects that could potentially occur at exposure levels relevant to hu-
mans. Because a large number of chemicals cause apoptosis (cell death) in the
embryo and fetus, the molecular-stress and checkpoint pathways should be given
particular attention. Studies using sensitized model animals should be especially
useful for defining low-dose responses.

o Improved access to information. To support the growth of knowledge in
developmental toxicology and to organize information in a way that is useful for
risk assessment, an inclusive national developmental toxicant database should be
established, with entries from industry, academia, and government. The develop-
mental toxicant database should include chemical toxicant information as well as
information on known molecular targets and associations with developmental
defects, both from animal tests and from humans. Steps should be taken to link
this database with the databases of developmental biology (e.g., the database of
phenotypes of mice with mutations in their signaling components, which are be-
ing generated by genetic modification techniques), and genomics. Databases de-
scribing metabolic pathways for drugs and environmental agents, and DME and
transporter protein polymorphisms should be linked as well. Ideally, a separate
relational database in which signaling pathways are grouped should be estab-
lished and used when chemicals are identified as interacting with an element of
the pathway. This relational database could help to suggest potential biological
interactions of a chemical with other chemicals that affect components of the
same pathway and record the involvement of signaling pathways in all aspects of
development from a wide range of organisms.

* Multidisciplinary outreach. The challenges that investigators face when
trying to work across fields, such as developmental biology, developmental toxi-
cology, and risk assessment, are a key issue that the committee identified early in
its deliberations. This issue previously impeded the successful application of the
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new scientific information to improve developmental toxicity risk assessment.
For the successful application of this report’s findings, the committee believes
that multidisciplinary educational and research programs must be conducted.
Programs, such as workshops and professional meetings, should be organized so
that researchers of developmental toxicology, developmental biology, genomics,
medical genetics, epidemiology, and biostatistics can come together to exchange
new insights, approaches, and techniques related to the analysis of developmental
defects and to risk assessment. By accelerating the necessary research, coopera-
tive research projects would move forward the recommendations of this report.
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Introduction

Between 2% and 3% of all live-born infants are estimated to have a major
developmental defect identified at birth (ICBD 1991; CDC 1995; Holmes 1997,
March of Dimes 1999). The percentage increases substantially when all develop-
mental defects—including nonstructural defects such as neurological and behav-
ior problems that often are not detected until childhood or even adulthood—are
considered. A developmental defect is defined as a structural or functional
anomaly that results from an alteration in normal development.

The causes of most developmental defects are unknown. However, it is
known that exposure to chemicals can result in developmental defects. In all,
about 3% of developmental defects are attributable to an exposure of the mother
to chemicals and physical agents, including environmental agents. A much larger
fraction, perhaps 25%, are thought to be due to multifactorial causes resulting
from the exposure of genetically predisposed individuals to environmental factors
(e.g., infections, nutritional deficiencies and excesses, hyperthermia, ultraviolet
radiation, X-rays, and manufactured and natural chemicals). There is concern
that greater than 3% of developmental defects may be due to exposures to chemi-
cals and physical agents. One reason for this concern is that only a fraction of the
60,000 to 90,000 chemicals in commercial use have been evaluated for their po-
tential to cause developmental toxicity. Human-health concerns about environ-
mental agents require that scientists and regulators attempt to understand and
protect against the potential hazards of those agents on developing embryos, fe-
tuses, and children.

In this committee’s context of addressing the consequences of human prena-
tal exposure to environmental toxicants, a more inclusive and accurate term is
“developmental defect” rather than “birth defect.” The committee will use “de-

10
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velopmental defect” throughout this report, because it includes the full range of
kinds and severity of defects and the full range of times of detection—before, at,
and after birth.

In recognition of the opportunity to use recent advances in developmental
biology and genomics to elucidate further the role of environmental agents in
human developmental defects, the NRC approved a project to evaluate the cur-
rent understanding of the mechanism of action of toxicants that results in devel-
opmental defects, and make recommendations for the improvement of toxicant
evaluation, ultimately in ways that would improve risk assessment. The specific
tasks of the committee were as follows: evaluate the evidence supporting hypoth-
esized mechanisms of developmental toxicity; evaluate the state of the science on
testing for mechanisms of developmental effects; evaluate how that information
can be used to improve qualitative and quantitative risk assessment for develop-
mental effects; and develop recommendations for future research in developmen-
tal toxicology and developmental biology; focusing on those areas most likely to
assist in risk assessment for developmental defects.

BACKGROUND

Awareness of developmental toxicants increased greatly in the early 1960s
when the detrimental effect of thalidomide (used at that time as a sedative/hyp-
notic) primarily on human limb development was recognized (thalidomide causes
other developmental defects as well). Before that time, various chemicals had
been tested on adult animals but only intermittently on pregnant animals, and it
was generally accepted that what was then thought of as the placental barrier
protected the fetus from foreign agents. Since the recognition of prenatal vulner-
ability in the early 1960s, much has been done to detect potential developmental
toxicants in the environment and to regulate human exposure to them. Adverse
developmental effects of toxicants now are recognized to include not only mal-
formations at birth but also growth retardation, death (including embryonic and
fetal loss), and functional defects in the newborn. Over 1,200 specific compounds,
pathogens, and conditions have been identified in experimental animals as caus-
ing adverse developmental effects, and the impact of human exposure to many of
these agents is not understood (Shepard 1998).

Since the 1960s, the science of developmental toxicology—that is, the study
of the impact of toxicants on critical processes of normal development—has ad-
vanced. The science of risk assessment of chemical effects on humans, which
depends on the advances in toxicology, has also advanced. To predict risk, asses-
sors rely primarily on two kinds of information: estimates of the level of human
exposure to a particular chemical, and estimates of the chemical’s toxicity for
humans based on the developmental outcome of offspring from experimental
pregnant animals exposed to that chemical. Occasionally, information is avail-
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able from other sources, such as (1) structure-activity relationships relating the
toxicity of a chemical to other members of its chemical family; (2) the results of
in vitro tests of the chemical; and (3) human epidemiological observations about
the effect of the chemical.

To make their evaluations of risk, assessors seek accurate mechanism-based
empirical data—that is, data based on a solid understanding of the mechanism of
a chemical’s toxicity, as determined by developmental toxicologists. Such data
are sparse. Several uncertainties limit the estimation of a chemical’s potential for
developmental toxicity. Animal bioassays, principally using mammals, currently
are considered to provide the most reliable data for extrapolating toxicant effects
to humans. Because these bioassays are expensive and time consuming, only a
small fraction of the compounds in commerce and in the environment have been
fully evaluated for their toxicity potential in animals. The many attempts to de-
vise simpler, less costly test systems involving tissue explants, cell cultures, or
purified biological molecules have so far proved to be of only limited value in
predicting the actions of compounds on human embryonic and fetal development.
Among the reasons for poor predictability are the inherent differences between
the simple test systems and humans regarding the uptake, distribution, metabo-
lism, and excretion of chemicals and the lack of understanding about the basic
mechanisms of development.

In the absence of accurate mechanism-based empirical data, risk assessors
often make four kinds of default assumptions when recommending the acceptable
levels of exposure of humans to an environmental agent. First, they assume that
animal test results are relevant for humans. Unless there is contradictory evi-
dence, humans are assumed to be the most susceptible mammals, and a factor of
10 below the maximum no-effect exposure level in the animal’s development
serves as a basis for setting the acceptable human exposure level. Second, a
further 10-fold reduction is introduced to take into account the possibility that the
animal’s developmental response, which frequently was obtained at subchronic
exposure to the chemical, might not reflect human responses at prolonged
(chronic) exposures. Third, a 10-fold reduction is introduced to cover the possi-
bility that susceptibility varies among human individuals, some being inherently
more sensitive to the chemical. Fourth, a 10-fold reduction is sometimes intro-
duced if the toxicity database for a chemical is incomplete. Because of the sus-
ceptibility of developing systems, an additional child specific factor (usually a
10-fold reduction) is sometimes applied. Although many risk assessors would
prefer to use mechanism-based empirical data instead of those defaults (up to a
10,000-fold compounded reduction in acceptable human exposure beyond that
given by the animal test) to improve their risk assessments for environmental
agents, the test data for the assessors’ use often are sparse because of limited
resources and are of unknown applicability to humans because of a lack of under-
standing of basic mechanisms of developmental toxicity and of differences in
humans and animals.
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Thus, risk assessors are challenged by the problems of extrapolation, inter-
pretation, cost, and speed. Considering the large number of environmental chemi-
cals (both manufactured and naturally occurring chemicals) that are not ad-
equately tested for potential developmental toxicity, scientists have been asked to
develop testing approaches that are based on our rapidly expanding knowledge of
normal development to provide more timely information with improved predic-
tions for human developmental outcomes. These issues are ongoing challenges
in the effort to assess human risk from environmental toxicants.

RECENT ADVANCES IN DEVELOPMENTAL BIOLOGY
AND THE PROMISE OF GENOMICS

Developmental biology is the study of normal developmental processes. It
begins with descriptions of the sequential events of development, from the for-
mation of the oocyte (the egg precursor) and sperm, to fertilization, then to cell
division, morphogenesis (the transformation of egg organization into embryonic
organization), organogenesis (the formation of organs), cell differentiation, and
embryonic and fetal growth. In its full scope, developmental biology covers the
development and growth of the infant, child, and adolescent to the time of repro-
ductive maturity. Developmental biology also describes events in the organism’s
spatial dimension (the changing number and position of cells, tissues, and organs)
in the vast multicellular population of the embryo and fetus (approximately
1 trillion cells in a newborn infant).

In the past 15 years, remarkable advances have been made in the knowledge
of the components, mechanisms, and processes of normal development, primarily
as the result of new insights into the molecular biology of development. Devel-
opmental biology has become a study of the mechanisms of development at the
molecular level, particularly of the interaction of components of intracellular ge-
netic regulatory circuits with components of intercelluar signaling pathways. To
cite a few of those insights, it is now known that the trillions of cells of a large
mammal such as a human have the same genetic composition (genetic blueprint).
As recently reaffirmed by the cloning of Dolly the lamb (Wilmut et al. 1997), the
Cumulina mouse family (Wakayama et al. 1998), and a nonhuman primate (Chan
et al. 2000), the genetic content of almost all of the cells in an animal does not
change from that of the single-celled fertilized egg from which it developed.
Despite having the same genes, the cells in an animal differ widely in their ap-
pearance, functions, and responses to environmental impacts. At least 300 cell
types are recognized in humans (e.g., red blood cells, Purkinje nerve cells, and
smooth or striated muscle cells), and the number of cell subtypes at different
stages of development and different parts of the body is perhaps tens of thou-
sands. These cell types differ greatly in their ribonucleic acids (RNA) and pro-
teins, reflecting the different combinations of genes they express from the same
genomic repertoire). Development can be viewed as evolution’s foremost ac-

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9871.html

and Risk Assessment

14 DEVELOPMENTAL TOXICOLOGY AND RISK ASSESSMENT

complishment in gene regulation, entailing a complex orchestration of which cells
will express which genes when and where in the embryo and fetus. Two major
elements in that regulation are (1) a large variety of specific transcription factors
that act in an even larger variety of combinations to control differential gene
expression; and (2) the chemical communication between cells during develop-
ment that allows cells to turn specific genes on and off in response to signals from
their neighbors.
The following is now realized:

* Embryonic and fetal development involves repeated signaling among
groups of cells, and the expression of particular genes in a cell depends on signal-
ing inputs from other cells in the local environment.

» The number of signaling pathways used in development is limited. About
17 signaling pathways are now recognized, and probably only a few more remain
to be discovered. Each pathway consists of an intercellular chemical signal, a
specific receptor on or within the cell, and a set of molecular transducers that
transmit each signal to targets, such as to components of the transcription ma-
chinery, within the cell. These 17 pathways are used repeatedly at different times
and places in the developing embryo and fetus. The roles of these pathways in
development are a major focus of current research in developmental biology.

* Surprisingly, given the morphological diversity of animal embryos and
fetuses, the 17 signaling pathways are highly conserved across numerous animal
phyla (e.g., nematode worms to arthropods to chordates). The molecular targets
and responses within cells also are conserved across phyla, including specific gene
expression, cell migration, and cell proliferation. Those signaling and responding
aspects of development presumably were already present in the pre-Cambrian
common ancestor of animals of modern phyla as diverse as the chordates (includ-
ing humans), the arthropods (including fruit flies), and the nematodes. The differ-
ences in the development of various organisms mostly reflect differences in the
particular times, places, and combinations of use of the conserved pathways and
responses.

Those findings give new validity to the use of model organisms to learn more
about basic development in mammals, to provide mechanistic clues about human
variability, and to analyze and assess the risks of potential developmental toxi-
cants.

With the transformation of developmental biology in the past decade, DNA
sequence data from a variety of organisms have accumulated at an explosive rate.
The large-scale projects initiated under the Human Genome Project include the
complete sequencing of the genomes of several widely used model organisms,
such as yeast, the nematode Caenorhabditis elegans, the fruit fly Drosophila
melanogaster, the laboratory mouse, and humans. The sequencing of the yeast,
C. elegans, and Drosophilia genomes has already been completed (Goffeau et al.
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1996; C. elegans Sequencing Consortium 1998; Adams et al. 2000). The C.
elegans genome was the first metazoan genome sequenced. The mouse and hu-
man genomes should be completed in 3 years, perhaps sooner. Out of these
efforts, the field of genomics has emerged. It includes the identification of all
genes of an organism, all RNA transcripts of those genes, all the rules for the
time, place, and conditions of expression of those genes, and the sequence vari-
ants within the population of that organism. Proteomics is the study of all the
proteins expressed from all RNA transcripts. The promise of genomics and
proteomics is great, because all studies of physiological function, developmental
change, and evolutionary diversification will draw upon it.

As DNA sequence data from various organisms become available, the need
to manage and analyze vast amounts of sequence data will increase. That need
has spawned a new field of science called bioinformatics. The ability of scien-
tists to make use of genomic databases will become increasingly important for
coordinating developmental biology, developmental toxicology, and genomics.

COMMITTEE’S APPROACH TO ITS CHARGE

The project was conducted in two phases. The first phase consisted of a
symposium entitled “New Approaches for Assessing the Etiology and Risks of
Developmental Abnormalities from Chemical Exposure,” which was held De-
cember 11-12, 1995 in Washington, D.C. The proceedings from that symposium
were published in Reproductive Toxicology (Kimmel et al. 1997) and were used
as background information for the second phase of the project in which a
multidisciplinary committee with expertise in developmental biology and devel-
opmental toxicology was asked to develop a consensus report (this report) that
evaluates recent revolutionary advances in the understanding of normal develop-
ment and gene-environment interactions and in the technology connected to the
Human Genome Project and assesses whether these advances provide opportuni-
ties for innovation in developmental toxicology and risk assessment. In its re-
port, the committee attempts to make broad-based interdisciplinary proposals by
drawing on information from several fields of science—developmental toxicol-
ogy, developmental biology, molecular biology, epidemiology, and genetics—all
of which impinge on the understanding of the action of developmental toxicants.

ORGANIZATION OF THE REPORT

This report is organized into eight chapters in addition to this Introduction.

Chapter 2 describes the type and frequency of developmental defects in more
detail, the problems of collecting accurate data on defects, and the general under-
standing of possible intrinsic and extrinsic causes.

Chapter 3 describes the current methods of risk assessment for the evaluation
of developmental toxicity and the uncertainties in this assessment that make it
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necessary for assessors to introduce large default corrections in estimating allow-
able exposure levels.

Chapter 4 describes the history and current status of developmental toxicol-
ogy, summarizing the attempts to identify mechanisms of action of toxicants, and
the mechanisms of presentation of active toxicants to the embryo and fetus, de-
tailing a few examples of well-understood developmental toxicants. The com-
mittee concludes that although much progress has been made in the analysis of
toxicant action, much more remains to be done, probably facilitated by the recent
advances in developmental biology and genomics.

Chapter 5 describes the fields of human genetics and genomics, including the
role of molecular epidemiology in toxicant detection and the difficulties in the
detection of complex genotype-environment interactions. The committee con-
cludes that powerful new comprehensive methods from genomics will be of great
value in developmental toxicology. Such a method is the newly found capacity to
detect human genetic variation.

Chapter 6 describes the history of developmental biology and recent advances
in that field, stressing the central role of cell-to-cell signaling in development and the
repeated use of a small number of signaling pathways at different times and places in
development. The committee concludes that the evolutionary conservation of these
pathways, of a variety of genetic regulatory circuits and molecular-stress and check-
point pathways, and of numerous other cellular activities makes it likely that informed
use of model organisms to detect and analyze toxicant action will be valuable.

Chapter 7 discusses new approaches for using model organisms to test chemi-
cals for developmental toxicity, stressing the value of using those organisms for
which development is well understood and for which genetic manipulation can be
performed to optimize their usefulness.

Chapter 8 outlines a novel multilevel, multidisciplinary approach to improve
understanding of the mechanisms of action of toxicants and to improve develop-
mental toxicity risk assessment by applying the recent advances in developmen-
tal biology and genomics. The capacity to understand organismal differences in
development and toxicant metabolism is now possible, and the importance of that
information for extrapolations of animal data to humans is emphasized.

The final chapter, Chapter 9, summarizes the committee’s conclusions and
recommendations. Here it is emphasized that the recent advances in develop-
mental biology and genomics create an opportunity for improved detection and
analysis of toxicants and for a better understanding of the meaning of assay re-
sults for risk assessment.

Four appendixes are included in the report. Appendix A contains a glossary
of definitions of key terms used throughout the report. Appendix B contains
descriptions of protein and genomic databases that can be useful to developmen-
tal toxicologists. Appendix C contains figures of the 17 known signal transduc-
tion pathways. Finally, Appendix D contains bibliographic information on the
Committee on Developmental Toxicology.
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Developmental Defects and Their Causes

Major developmental defects, also referred to as major congenital anomalies,
occur in approximately 3% of live births, that is, in 120,000 of the approximately
4 million births per year in the United States (ICBD 1991; CDC 1995; Holmes
1997; March of Dimes 1999; NCHS 1998). These anomalies are defined as ones
that are life threatening, require major surgery, or present a significant disability
(Marden et al. 1964).

In 1995, major developmental defects accounted for approximately 70% of
neonatal deaths (occurring before 1 month of age) and 22% of the 6,500 deaths of
infants (before 15 months of age) in the United States (March of Dimes 1999).
Approximately 30% of admissions to pediatric hospitals are for health problems
associated with such defects.

For more than 20 years, major developmental defects have been the leading
single cause of infant mortality in the United States (Petrini et al. 1997). Al-
though infant mortality in the United States has declined by approximately 40%
from 1968 to 1995, infant mortality attributable to major developmental defects
has declined slightly less, by 34%, and, thus, the overall proportion of infant
mortality due to developmental defects has increased from 14% to 22% from
1968 to 1995 (Ventura et al. 1997). In 1995, the leading defects associated with
infant death were heart defects (31.4%), respiratory defects (14.5%), nervous sys-
tem defects (13.1%), multiple anomalies associated with chromosomal aberra-
tions (13.4%), and musculoskeletal anomalies (7.2%) (Petrini et al. 1997).

The personal costs of developmental defects, including emotional and men-
tal stress, are impossible to measure. In national health considerations, it is stan-
dard practice to compare dollar costs. The 1992 estimated lifetime cost for 18 of
the most significant developmental defects in the United States was $8 billion

17
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(CDC 1995; Waitzman et al. 1994). The lifetime per-patient cost for spina bifida
alone was estimated at $250,000, and the total annual cost for all surviving in-
fants with spina bifida in the United States was $200 million (Sever et al. 1993).
A recent study reported that the total lifetime costs for persons born in 1996 with
mental retardation, autism, or cerebral palsy will be $47 billion, $4.9 billion, and
$12 billion, respectively (Honeycutt et al. 1999). Major developmental defects
are the fifth leading cause of years of potential life lost (YPLL) (CDC 1987). For
comparison, loss attributed to heart disease before age 65 is 1,600,265 YPLL,
loss attributed to cancer is 1,813,245 YPLL, and loss attributed to major congeni-
tal anomalies is 694,715 YPLL (CDC 1987).

Those major developmental defects represent only one class of the most so-
cially and medically recognized developmental defects. Several other classes are
identified below. Their prevalence has been harder to estimate. To begin with, at
least one minor structural defect (e.g., preauricular sinus and syndactyly for toes
2-3) has been identified in 14.1% to 22.3% of live-born infants, a frequency that
is 5 to 7 times higher than that for major defects (Leppig et al. 1987). The less-
recognized defects are of lesser clinical and cosmetic importance, and the esti-
mate of their birth prevalence varies considerably because of substantial differ-
ences in definition and detection and the lack of a national systematic database
for this information.

Another class is made up of functional deficits—that is, deficits that are not
accompanied by an overt structural defect but are expressed in a variety of ways
ranging from delays in growth to deficits in behavioral and neurological develop-
ment. Many of these deficits are only recognized in infancy or later in childhood
(e.g., attention deficit hyperactivity disorder and dyslexia). Developmental de-
fects with reproductive consequences might not be detected until much later. Fi-
nally, there is evidence of some mid-life health conditions (e.g., heart conditions)
correlating with abnormal birth status (e.g., low birth weight) (Barker 1999). The
costs and years of life lost have not been estimated for these more subtle develop-
mental defects among live-born infants.

A further expanded view of developmental defects is gained by examining
all pregnancy outcomes (Table 2-1), not only live-birth outcomes. The most
common type of outcome in humans is early-pregnancy loss shortly after implan-
tation (Zinaman et al. 1996; Wilcox et al. 1999). That occurs in 20-30% of preg-
nancies. Many of those losses are difficult to detect and enumerate because they
occur prior to clinical recognition of the pregnancy. Spontaneous abortions of
clinically recognized pregnancies (generally starting in the 8th week after the last
menstrual period) occur in 10-20% of pregnancies (Hatasaka 1994), also a high
frequency. Thus, these two categories dominate all other defects. In 40-50% of
the spontaneous abortions examined, some type of chromosomal aberration was
found, most frequently an extra or missing chromosome (Jacobs and Hassold
1995). Many chromosomally abnormal embryos have anatomical malformations.
Fetal deaths (after 20 weeks of gestation) and stillbirths occur in 1-4% of preg-
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TABLE 2-1 Frequency of a Variety of Developmental Outcomes

Outcome

Frequency

Reference

Early pregnancy loss
(before 8 weeks)

Spontaneous abortion
(8-20 weeks)

Chromosomal aberrations in
spontaneous abortions
(8-12 weeks)

Late fetal deaths after 20
weeks and stillbirths

Major congenital anomalies
at birth

Minor developmental
defects at birth

Major developmental defects
leading to infant death
(before age 15 months)

Chromosomal aberrations in
live births

Severe mental retardation

Neural tube defects

20-30% of implantations

10-20% of clinically
recognized pregnancies

40-50% of spontaneous
abortions

1-4% of the sum of live births
and late fetal deaths

2-3% of live births

14-229% of live births

0.016% of live births

1% of live births

0.4% of children to age 15
0.001% of live births

Zinaman et al. 1996; Wilcox
et al. 1999
Hatasaka 1994

Jacobs and Hassold 1995

Fretts et al. 1995

Oakley 1986

Leppig et al. 1987

March of Dimes 1999

Oakley 1986

Mastroianni et al. 1994

Velie and Shaw 1996

nancies (Fretts et al. 1995). Chromosomal aberrations occur in approximately
1% of live births (Oakley 1986). Severe mental retardation is an example of a
functional deficit that might not be recognized at birth but is recognized in ap-
proximately 0.4% of children before 15 years of age (Velie and Shaw 1996).
Developmental defects are often defined as those originating in the embryo
and fetus, that is, in the prenatal period. A developmental toxicant is then a toxic
agent or condition to which the pregnant mother is exposed. However, develop-
ment goes on throughout the life cycle and includes for example, the continued
growth and differentiation of the nervous, skeletal, and reproductive systems in
the juvenile and adolescent, and the continuous renewal of cells of the skin, gut
lining, and hematopoetic system of the adult. Thus, it is arbitrary to define devel-
opmental toxicants only as those affecting the embryo or fetus through maternal
exposure in the period of pregnancy. In this report, the committee emphasizes
developmental toxicants to which the mother may be exposed in the prenatal
period. However, the division is not sharp, and it is to be expected that toxicant
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exposures at other periods could affect juvenile, adolescent, and adult develop-
ment, and might affect gametes and reproductive organs in ways that are only
expressed much later in the period of pregnancy.

TOXICANT EXPOSURE AND
DEVELOPMENTAL DEFECTS

The current understanding of the various causes of developmental defects is
incomplete. A crude distinction can be made between intrinsic and extrinsic
causes. Intrinsic causes include genetic defects (mutations), endogenous chro-
mosomal imbalances (e.g., meiotic nondisjunctions), endogenous metabolism
(e.g., phenylketonurea), and perhaps failures in the complex developmental pro-
cesses themselves. Extrinsic causes include the enormous variety of environ-
mental inputs such as infection, nutritional deficiencies and excesses, life-style
factors (e.g., alcohol), and closer to the concerns of this committee, the myriad
agents—pharmaceuticals, synthetic chemicals, solvents, pesticides, fungicides,
herbicides, cosmetics, food additives, natural plant and animal toxins and prod-
ucts, and other environmental chemicals—encountered by humans. Other envi-
ronmental factors, such as hyperthermia, ultraviolet irradiation, and X-rays,
should be included. As noted before, developmental defects comprise all struc-
tural and functional deficits detected in the implanted embryo, fetus, neonate,
infant, or child.

The committee was asked to consider environmental agents that might cause
developmental defects. Such agents include mercury, lead, and polychlorinated
biphenyls. Natural plant and animal products and toxins have long been recog-
nized as agents that can cause toxicity. They were some of the first environmen-
tal agents to be identified as teratogens. Agents can enter the environment by
either deliberate (e.g., pesticide residues on food) or accidental (e.g., chemical
spills) releases, and humans can be exposed through food, drinking water, or air.
Pharmaceuticals and food additives generally would not be considered environ-
mental agents; however, many of the issues under consideration for environmen-
tal agents can also apply to these agents. Additionally, it is possible that they
incidentally enter the environment at significant concentrations and become envi-
ronmental agents.

What fraction of developmental defects can be attributed to extrinisic or in-
trinsic causes? Wilson (1973) estimated that 25% of congenital anomalies in
humans are attributable to genetic causes. Then, the author estimated that 65-
75% of developmental defects are of unknown causation and attributed fewer
than 10% of the anomalies to known environmental causes, including maternal
diseases (e.g., diabetes and hypertension), infectious agents (e.g., rubella and
syphilis), and mechanical problems (e.g., uterine deformations). Approximately
1% are known to be due to environmental toxicant exposures, including ionizing
radiation and hyperthermia (Wilson 1973).
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In a more recent evaluation, Nelson and Holmes (1989; also see Holmes
1997) collected data on 69,277 infants, of which 2.24% had at least one major
congenital anomaly. The infants were in a surveillance program at a university
hospital and were not from the population at large and, therefore, these percent-
ages should be viewed cautiously. Nelson and Holmes estimated the causes of
congenital anomalies to be genetic, 28%; multifactorial inheritance, 23%; uterine
factors and twinning, 3%; toxicants, 3%; and unknown, 43%.

Multifactorial inheritance (23%), which is a category not distinguished by
Wilson, has a genetic and an environmental component. The term is used when
geneological studies indicate that a physical trait, disease, or developmental de-
fect occurs at a higher rate within families than expected in the general popula-
tion, but the patterns of inheritance do not follow strict Mendelian segregation
rules. To explain the departure from Mendelian rules, the genetic variant of a
gene is said to predispose the individual, but further circumstances, either envi-
ronmental or other genetic factors, are needed for the production of the disease.
An example of multifactorial inheritance is the relationship between maternal
smoking, transforming growth factor (TGF) polymorphisms, and oral cleft
(Hwang et al. 1995). This example is described in detail in Chapter 5.

Such a departure from Mendelian rules might be attributable to environmen-
tal factors, but the departure could as well be due to the requirement for a combi-
nation of particular alleles of two or more genes to produce the trait (a polygenic
trait) or to genomic imprinting. Specific genes and environmental exposures
have been associated in multifactorial inheritance in only a few instances, but
increased information is becoming available. With the identification of the mul-
tifactorial inheritance category in the Nelson and Holmes study, Wilson’s un-
known-cause category of 65-75% is reduced to 42-52%, equaling the 43% un-
known-cause category of Nelson and Holmes. As the Nelson and Holmes figures
indicate, however, the knowledge about the causes and prevention of develop-
mental defects continues to be limited (Mattison 1997).

Today, about 3% of the major developmental defects are estimated to be
attributable to toxicant exposure (Oakley 1986; Kimmel 1997; March of Dimes
1999), but that figure is a rough approximation. Itis generally recognized that 40-
50 extrinsic agents probably have acted as human developmental toxicants and
that more than 1,200 chemical and physical agents produce developmental defects
in experimental animals (Shepard 1998; Schardein 2000). It should be noted that
much of the developmental toxicity testing on experimental animals was con-
ducted at up to maternally toxic doses and, therefore, observed effects at those
doses might not be the same as effects observed after exposure to environmentally
relevant doses. It is not known how many of the 1,200 agents actually produce
developmental defects in humans, and the figure is not obtainable by direct testing
in humans. In light of the experimental animal results, many of the agents have
never entered the marketplace or environment, and others are handled with great
caution according to preventive public-health and workplace-safety guidelines.
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In all, only about 50 chemical and physical agents are known to cause devel-
opmental defects in humans (Friedman and Polifka 1994; Shepard 1998). They
include so-called “life-style” chemicals, such as alcohol, accounting for 0.1-0.2%
of defects in live-born infants and cocaine, a variety of pharmaceuticals, and
several environmental agents (e.g., mercury, lead, and polychlorinated biphenyls).
Table 2-2 lists several representative human developmental toxicants. There is
information available on proposed mechanisms of action for these toxicants, how-
ever, it is infrequently synthesized into a cohesive and comprehensive mechanis-
tic explanation. Over 80% of agents known to produce developmental defects in
humans also cause developmental defects in at least one test animal (rat, mouse,
or rabbit) (Shepard1998).

The actual percentage of environmental agents that are developmental toxi-
cants in humans could be higher or lower than 3% for several reasons. For ex-
ample, the epidemiological methods for identifying toxicants are inherently in-
sensitive and depend on the systematic examination of large human populations.
Such large-scale examination is difficult to do (Selevan 1985). Thalidomide was
an exception. Because it caused such a distinctive outcome (bilateral limb short-
ening) of a rare human malformation, its effects were recognized in small patient
groups. Even though the frequency of fetal alcohol syndrome is high compared
with other developmental disorders, it took many years to identify alcohol as a
human teratogen because the physical alterations are subtle, and the learning and
social adjustment problems are sometimes not detectable until several years after
birth. When a human exposure problem is suspected, epidemiological testing can
be performed to assess toxicity, but few of the 1,200 agents have been so exam-
ined. Also, the number of agents that cause developmental toxicity might be
higher if the multifactorial inheritance category of birth defects contains, as in-
deed is suspected, cases of human variants who are genetically more susceptible
(predisposed) to particular environmental conditions than are others. Finally, the
number might be higher if some toxicants (extrinsic causes) produce malforma-
tions as a consequence of their primary effect in causing genetic damage (intrin-
sic cause).

In conclusion, although it is recognized that environmental agents can, and
some do, act as developmental toxicants, it is still unclear how large a role these
agents play in producing human congenital anomalies relative to other sources of
developmental toxicants such as pharmaceuticals and food additives, and relative
to intrinsic causes such as genetic differences.

THE CHEMICAL UNIVERSE

The “chemical universe” refers to the collective variety of chemicals that
humans encounter. This variety is theoretically infinite if no limit is set on the
molecular size of chemicals, because new and more complex compounds can
always be made by coupling together simpler chemical units. In practice, how-
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TABLE 2-2 Representative Human Developmental Toxicants

Agent

Use

Developmentally
Toxic Dosage

Adverse Effects

13-cis retinoic
acid

Aminopterin

Angiotensin
converting
enzyme
inhibitors

Cigarette smoke

Coumarin
derivatives

Cyclophosphamide
Diethylstilbestrol

Diphenylhydantoin

Etretinate

Lead

Lithium

Methylmercury

Penicillamine

Polychlorinated
biphenyls

Thalidomide

Valproic acid

Treatment of
cystic acne

Folate antagonist

Antihypertensive

Stimulant

Anticoagulants

Antineoplastic

Synthetic estrogen

Anticonvulsant

Treatment of
psoriasis

Environmental
contaminant

Bipolar disorder

Environmental
contaminant

Chelator

Environmental
contaminant

Sedative/
hypnotic

Anticonvulsant

0.4-1.5 mg/kg/d

1-2 mg/kg/d

Therapeutic dose
(differs for
each)

>20/day
Therapeutic dose

(differs for
each)

4 mg/kg/d
0.1-3 mg/kg/d

8 mg/kg/d

0.5-1 mg/kg/d
10-15 pg/dl/blood?

3-5 mg/kg/d
10 pg/kg/db

20 mg/kg/d

0.7-3 mg/kg/d

5-10 mg/kg/d

Craniofacial and cardiovascular
malformations and intellectual
deficits

Abortion, central nervous system
and craniofacial defects, and
growth retardation

Fetal death, stillbirth, oligohydram-
nios, growth retardation, hypoten-
sion, and renal failure

Growth retardation and facial defects

Facial defects, limb anomalies,
growth retardation, and neonatal
respiratory distress

Limb and facial defects

Reproductive tract malformations
and vaginal cancer

Craniofacial defects, growth
retardation, fetal loss, and
intellectual deficit

Limb, ear, cardiac, and thymic
defects

Abortion, growth retardation, and
neurobehavioral deficits

Cardiac defects

Central nervous system defects

Connective tissue defects

Growth retardation, hyperpigmenta-
tion, and neurobehavioral deficit?

Structural malformations
(particularly reduction defects of
the limbs and ears)

Neural tube closure defects

4 The dosage of lead needed to reach these blood levels is dependent on route of exposure. Typically,
humans are exposed to lead through a combination of inhalation and oral ingestion.
b There is uncertainty about the dosage associated with adverse effects.
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ever, chemists tend to produce synthetic chemicals or analyze natural chemicals
that are between a molecular weight of a few hundred to a few thousand. Techno-
logical advances in chemistry will continue to increase the number of synthetic
chemicals. Some of these chemicals will undoubtedly be of benefit to society;
however, potentially harmful chemicals need to be identified so that human expo-
sure is controlled or prevented. For risk assessment, a key goal is to determine
which exposures to chemicals may be harmful to humans before exposure occurs.

Millions of synthetic chemicals are registered with the American Chemical
Society, but fewer than 100,000 are currently in commercial or industrial use and,
therefore, available for introduction into the environment (EPA 1997). Most of
these chemicals have not been tested for developmental toxicity. For example,
EPA (1998a) conducted a study assessing data availability on close to 3,000
chemicals that the United States produces or imports at more than 1 million
pounds per year and concluded that only 23% of those chemicals had been tested
for reproductive and developmental toxicity. Test data were considered available
if any studies relevant to reproductive and developmental toxicity were located.

The number of synthetic chemicals is likely to increase greatly in the near
future. Recent advances in combinatorial chemistry have made it possible for
chemists to synthesize in parallel small amounts of a large number of chemicals
(a “library,” on the order of 10*-10° kinds per application). Biologically active
members of the library are selected by their performance in specific biological
assays (usually in vitro assays rather than animal tests) based on recent insights
into the workings of cellular, developmental, and pathological processes. These
new synthetic and selective methods are expected to lead to the development of
drugs that are more efficacious and have specific pharmacological activities. Al-
though all but the most promising chemical candidates will be restricted to the
laboratory, it will be a challenge to gain toxicity information about many of these
so that not only the most efficacious but also the safest can advance to the next
phase of drug development. As drug discovery and development approaches
become more sophisticated, toxicity testing approaches must also become more
sophisticated.

Toxins, such as chemicals from microorganisms, fungi, plants, and animals
(e.g., sponges, coelenterates, and bryozoa), have not been analyzed systemati-
cally. Systematic analysis has shown that the variety of chemical constituents is
known to be great in some naturally occurring substances. For example, over 400
chemicals have been identified in red wine, and over 1,000 chemicals have been
found in tobacco or tobacco smoke. Naturally occurring substances sometimes
have significant pharmacological and toxic properties (see, e.g., NRC 1996).
Catalogs of known naturally occurring plant toxins, for example, include more
than 2,000 entries, and the number with pharmacological activity is larger (Keeler
and Tu 1991; Harborne and Baxter 1996).

Animals, including humans, have evolved enzymes and ligand-binding pro-
teins to metabolize and eliminate many natural environmental chemicals. They
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have also evolved adaptive mechanisms, stress responses, and checkpoint path-
ways to prevent or correct damage from various environmental chemicals and
physical conditions (e.g., heat shock), and hence to survive in their environment.
Thanks to the broad specificities of these proteins and adaptive processes, ani-
mals also detoxify and adaptively respond to many synthetic chemicals as well,
even though the animal has never seen these chemicals before in its evolution.
Understanding detoxification and adaptation processes in animals and especially
in humans has widespread implications for the field of developmental toxicology
(for reviews, see Juchau 1980; Juchau et al. 1980; Shepard et al. 1983). Still,
some small fraction of old and new chemicals, synthetic and natural, can elude
the animal’s defenses enough to impact components of its developmental pro-
cesses, thereby leading to developmental defects.

SUMMARY

The frequency at which all classes of developmental defects occur is thought
to be very high, perhaps exceeding half of initial pregnancies. However, the total
frequency of developmental defects is only vaguely known, and the means of
surveillance for defects are only approximate. It is thought that among newborns
with major developmental defects, genetic transmission accounts for perhaps 25%
of the cases. Lesser genetic defects, which are insufficient on their own to cause
major defects but are sufficient in combination with environmental factors or
other genetic factors, account for perhaps another 25% of major defects. Geno-
type combined with environmental causes is a class of developmental defect that
is expected to receive incisive attention in the near future. Genotype is an impor-
tant class because of its implications that some environmental agents might act as
toxicants for some people (predisposed individuals) but not for others, making
risk assessment a process requiring information about human diversity as well as
toxicant action. A few percent (approximately 3%) of developmental defects are
probably attributable to chemicals and physical agents alone and have no known
genetic contribution. An unknown fraction of those are due to environmental
toxicants. Finally, the causes of nearly half of the major defects immediately
detected at birth are so poorly understood that they cannot even be classified as
being caused by intrinsic or extrinsic factors or both. Presumably, some fraction
of them have a complex environmental component. At the same time, there is a
steadily expanding universe of chemicals and combinations of chemicals to which
humans are exposed. Most of these chemicals have never been tested for devel-
opmental toxicity.
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Current Practices for Assessing Risk
for Developmental Defects and
Their Limitations

Since the mid-1900s, various governmental agencies in the United States
have taken responsibility for protecting the health of the public by regulating safe
usage practices for drugs, food additives, pesticides, and environmental and oc-
cupational chemicals (Gallo 1996; Omenn and Faustman 1997). In the 1970s,
risk assessment began as an organized activity of federal agencies to set accept-
able exposure levels or tolerance levels. Earlier the American Conference of
Governmental Industrial Hygienists had set threshold limit values for workers
and the U.S. Food and Drug Administration (FDA) had established acceptable
daily intakes for dietary pesticide residues and food additives. In 1983, the Na-
tional Research Council published a report entitled Risk Assessment in the Fed-
eral Government: Managing the Process (often referred to as the “Red Book™),
which provided a common framework for risk assessment (NRC 1983). In 1991,
the U.S. Environmental Protection Agency (EPA) published risk assessment
guidelines specific for developmental toxicity (EPA 1991).

In this chapter, the committee highlights risk assessment practices as they
relate to the evaluation of chemicals as potential developmental toxicants and
identifies limitations in the current risk assessment approaches.

THE DEVELOPMENTAL TOXICITY RISK ASSESSMENT PROCESS

“Human health risk assessment” refers to the process of systematically char-
acterizing potential adverse health effects in humans that result from exposure to
chemicals and physical agents (NRC 1983). For developmental toxicity, this
assessment means evaluating the potential for chemical exposure to cause any of
four types of adverse developmental end points: growth retardation; gross, skel-

26
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etal, or visceral malformations; adverse functional outcomes; and lethality. De-
velopmental toxicity risk assessment includes evaluating all available experimen-
tal animal and human toxicity data and the dose, route, duration, and timing of
exposure to determine if an agent causes developmental toxicity (EPA 1991;
Moore et al. 1995).

As discussed in the “Red Book,” risk management, in contrast to risk assess-
ment, is the application of risk assessment information in policy and decision-
making processes to balance risks and benefits (e.g., for therapeutic applications);
set target levels of acceptable risk (e.g., for food contaminants and water pollut-
ants); set priorities for the program activities of regulatory agencies, manufactur-
ers, and environmental and consumer organizations; and estimate residual risks
after a risk-reduction effort has been taken (e.g., folic acid supplementation in
food). Figure 3-1 shows the NRC paradigm for risk assessment and risk manage-
ment. As shown in this figure, risk characterization refers to the synthesis of
qualitative and quantitative information for both toxicity and exposure assess-
ments (EPA 1995). It also usually includes a discussion of the uncertainties in
the analysis.

The following sections describe some of the specific approaches used for
toxicity assessment. Four types of informational methods that can be used for

Risk Risk
Research Assessment Management

Development of

Laboratory and Field Regulatory Options

Observations
Extrapolation
Methods

Toxicity Assessment

Research Needs Identified

from Risk Assessment SPUb'"|c Eer?“hi
Linked Risk ocial, Ethical,
N Economic, Political
Databases Characterization|
New Research

Implications
Cell Signaling \ j
Pathway Research
Regulatory
Decision

Gene-Environment

Exposure Assessment
Research

FIGURE 3-1 Risk assessment and risk management paradigm from the NRC modified
for developmental toxicity risk assessments. In accordance with this committee’s delib-
erations, the research section now includes a two-way arrow and specifically highlights
emerging research on gene-environment interaction and developmental cell-signaling path-
ways. The iterative feedback loop between research and risk assessment is necessary to

translate new findings in biology into scientifically based risk assessments. Source:
Adapted from NRC 1983.
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these assessments are chemical structure-activity information, in vitro assess-
ments, in vivo animal bioassays, and epidemiological studies. Two additional
steps in risk assessment, dose-response assessment and exposure assessment, are
described. Finally, the use of toxicokinetic information and biomarkers in devel-
opmental toxicity risk assessment is discussed.

Chemical Structure-Activity Information

Information on a chemical’s structure, stability, solubility, reactivity, and
electrophilicity can provide useful clues to its potential to be absorbed and dis-
tributed throughout the body and to be reactive with biological tissues. In fact,
despite early concepts of a true placental barrier, it is now appreciated that all
lipid-soluble compounds have access to the developing cells of an embryo and
fetus. Properties of lipid solubility and characteristics such as chemical size and
pK, can be used to predict the potential for chemicals to cross the placenta and
have access to conceptus tissues (Slikker and Miller 1994).

Structure-activity relationships (SARs) are developed to show the relation-
ship between the specific chemical structures or moieties of agents and their ca-
pacity to produce certain toxic effects. For glycol ethers, retinoic acid, valproic
acid, and their derivatives and for several other commercial products and thera-
peutics, good SAR data exist for developmental effects. Recently, SARs were
reported for valproic acid derivatives that activate the peroxisomal proliferation
pathway and cause developmental toxicity (Lampen et al. 1999).

Early research on receptor binding identified SARs for environmental agents
such as benzopyrene and dioxin. Toxicity equivalency factors (TEFs) have been
developed that relate the relative toxicity of each compound to a reference com-
pound, such as benzo[a]pyrene (B[a]P) or 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) for pyrenes and dioxins, respectively (Van den Berg et al. 1998). Com-
plexities arise when different toxicity end points have different SARs. To be
useful for developmental toxicity risk assessments, SARs (and TEFs) must be
evaluated for each of the end points of developmental toxicity.

In Vitro Assessments

Alternatives to pregnant experimental mammals in studies of developmental
toxicology have often been grouped together as in vitro approaches, but that is
misleading, because they include not only ex vivo mammalian embryos, tissues,
cells, and subcellular preparations but also embryos of nonmammalian species.
Broadly, such alternatives have had two applications: to test chemicals for poten-
tial effects and to analyze mechanisms of effect.

Mechanistic uses of ex vivo methods have much in common with investiga-
tive studies in other areas of biology. They have made major contributions to
understanding developmental toxicity, because of the manipulations possible in
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vitro, including the removal of the maternal environment, the ablation or trans-
plantation of tissues and cells, labeling and tracking of cells or molecules, bio-
chemical and gene manipulations by the use of inhibitors and anti-sense RNA,
and real-time physiological monitoring of the embryo. The types of information
generated include the identification of proximate developmental toxicants, exact
tissue sites of accumulation, initial biochemical insults, gene expression changes,
intrinsic SARs (of the parent compound), and identification of disrupted develop-
mental pathways.

The search for alternatives for testing purposes is driven by the need to as-
sess a larger number of chemicals than that allowed by using available resources
for in vivo methods and also by the desire to reduce or replace the use of experi-
mental mammals. Two levels of testing should be distinguished: secondary and
primary. Secondary testing is the assessment of chemicals that have some known
potential developmental toxicity. Most commonly, secondary testing involves
analogs of prototype chemicals that have known in vivo developmental toxicity.
The objective is to replicate the observed developmental toxicity in a simple sys-
tem. The approach has been successful, especially for pharmaceuticals and par-
ticularly with the use of isolated mammalian embryos and embryonic cells in
culture. For example, the approach has been used for testing retinoids (Kistler
and Howard 1990) and triazoles (Flint and Boyle 1985). For that type of use, a
universal validation of the method is not required. It is sufficient to show that the
method replicates a specific in vivo effect for the particular chemicals under study.

Primary testing, in contrast, is the testing of chemicals that have no known
potential toxicity, the aim being to predict in vivo actions. There must be confi-
dence that the test outcome will accurately classify most chemicals by their po-
tential to cause human developmental toxicity. Furthermore, the required sensi-
tivity and selectivity will vary, depending on the purpose of the test. Sensitivity
is the proportion of in vivo toxicants that are positive in the test, and selectivity is
the proportion of inactive chemicals that are negative in the test. In some con-
texts, for example, in drug discovery by combinatorial chemistry, the aim is the
early elimination of potential toxicants. False-positive results are not problem-
atic, because there are many other chemicals from which to choose. Conversely,
if the context is hazard identification and the aim is to set priorities for further in
vivo testing, then a high rate of false-positive results would be inappropriate.
Thus, there is a drive to validate tests for screening purposes by measuring their
sensitivity and selectivity (Lave and Omenn 1986). Regardless of all the testing-
related problems about to be discussed, it is worth bearing in mind that some
countries have already banned the use of mammals for testing in certain situa-
tions, so there is an obligation to continue to refine in vitro approaches.

Alternative testing for developmental toxicity has a long history, encompass-
ing regular international conferences (Ebert and Marois 1976; Kimmel et al. 1982;
Schwetz 1993), comprehensive reviews (Brown and Freeman 1984; Faustman
1988; Welsch 1992; Brown et al. 1995), and much debate in print (Mirkes 1996;
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Daston 1996). Alternative tests for development toxicity are not currently used
by any regulatory agency.

Intrinsic Limitations

Alternatives to in vivo testing will never detect all the developmental toxi-
cants that have actions in pregnant mammals. This is true for several reasons.
First, some toxicants initiate their effects outside the embryo and in the maternal
or placental compartments. Second, some effects are mediated by physiological
changes only represented within the intact embryo (e.g., peripheral vascular per-
fusion). Third, known mechanisms of developmental toxicity are diverse, so it is
unlikely that all targets will be present in a simple system. Fourth, some adverse
outcomes are only observable as functional impairment postnatally. Finally, most
alternative systems are static and have neither the dynamic changes in concentra-
tion associated with physiological disposition in vivo nor the metabolic transfor-
mation of the test agent.

Validation

Validation is complex and includes protocol standardization, interlaboratory
consistency, and statistical prediction models, but the fundamental question re-
mains: how well does the system mimic the susceptibility of human develop-
ment? This has yet to be answered for any system, and there are a number of
problems that are discussed below.

In Vitro Test for What Outcome? The type of adverse outcome induced by a
chemical in vivo often varies between individuals, across species, and sometimes
with routes or schedules of administration. Thus, although the initial aim of
alternative tests was to predict the overall induction of congenital malformations,
it is more appropriate to consider that in vitro tests can help to predict specified
developmental toxicity and to identify potential mechanisms of disruption to par-
ticular cell-signaling and genetic regulatory pathways.

General Versus Specific Toxicity. Presumably, all chemicals would disturb de-
velopment, if a high enough concentration were delivered to the embryo, even
though such concentrations might be unattainable in mammals because of mater-
nal toxicity. However, chemicals vary widely in their intrinsic hazard to develop-
ment. For example, high-affinity ligands for some nuclear-hormone receptors
cause irreversible developmental defects (see Chapter 4). It would be helpful to
be able to discriminate such chemicals from those that affect development (D)
only at exposures that are simultaneously toxic to the adult (A). The A/D ratio
(the ratio of adult toxic dose to developmentally toxic dose) attempts to measure
that specificity. However, use of that value has been tempered by the demonstra-
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tion that A/D ratios are not necessarily consistent across species (Daston et al.
1991).

Which In Vivo Database? The database on humans is probably too heteroge-
neous to use for validation studies. For example, it is biased toward pharmaceu-
ticals, and the exposure range is too small for most chemicals, so chemicals with
reliable negative results are hard to identify. By default then, comparisons have
been made with experimental mammal testing data. The information in this data-
base is also heterogeneous in exposure times, routes, and doses; species; end
points; and adverse outcomes. To avoid some of these problems but retain the
use of existing data, perhaps the only option is to use data exclusively from ortho-
dox segment II type tests in which animals are exposed during the period of major
organogenesis. This approach eliminates many of the chemicals historically used
in validation studies, because they have never been formally tested in vivo.

Chemicals for Validation. Much effort has been expended on the analysis of in
vivo animal test data to produce a list of chemicals for use in validation studies.
A prototype list produced by Smith et al. (1983) was subsequently found to be
inadequate and an expert committee was set up to address that issue (Schwetz
1993). Because of the difficulty of the task, that committee was not able to
complete its task. There has been considerable disagreement over what is and
what is not developmentally toxic in vivo and over the severity of that action.
There is currently no consensus on how to categorize, stratify, or quantify the
developmental toxicity of chemicals. Most validation studies have used a binary
classification: developmental toxicants or nontoxicants (Parsons et al. 1990;
Uphill et al. 1990). This is a gross oversimplification of the richness of informa-
tion available. More recently, chemicals have often been grouped informally into
three or four categories: (1) toxic to development in all species, no maternal tox-
icity; (2) toxic to development in some species, no maternal toxicity; (3) toxic to
development in some species, some maternal toxicity; (4) no evidence for devel-
opmental toxicity in any species tested. However, without formal definition of
categories and consistent in vivo testing, there is disagreement in assigning chemi-
cals to such groups (Wise et al. 1990; Daston et al. 1995; Newall and Beedles
1996; Spielmann et al. 1997). Many validation studies have been biased by the
inherent toxicity inequality of chemicals selected (Brown 1987). It has been
common to select chemicals of potent and general biological activity, such as
antimetabolites, nucleotide or nucleoside analogs, and alkylating agents, as de-
velopmental toxicants. In contrast, the chosen nondevelopmental toxicants have
frequently been endogenous intermediary biochemicals, such as acetate, gluta-
mate, and lysine, or chemicals specifically designed to be nontoxic to mammalian
cells, such as antibiotics, saccharin, and cyclamate. It comes as no surprise that
developmental models respond differently to two such disparate groups. The
proper strategy should be to select chemicals that are largely similar in their gen-
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eral toxicity and potency, but different in specific developmental hazard (Schwetz
and Harris 1993). This has never been achieved.

An additional problem in categorizing chemicals, even those tested accord-
ing to standard protocols, is that toxicokinetics and metabolism are rarely investi-
gated sufficiently to indicate whether a negative outcome in vivo is a reflection of
a true lack of inherent developmental toxicity potential or a low embryonic expo-
sure. This outcome can lead to a situation in which a chemical is correctly iden-
tified as a potential developmental toxicant from an in vitro test, but the effective
exposure can never be achieved in vivo.

Existing and Extinct Alternative Tests for Primary Screening

Because there are no known common mechanisms of developmental toxicity
on which to base a design for a primary screening test, three other approaches
have been taken. These are the use of (1) mammalian embryos or parts of em-
bryos in culture, (2) free-living nonmammalian embryos, and (3) cell cultures in
which processes thought to be required for normal development are assayed (e.g.,
proliferation, adhesion, communication, and differentiation). More than 30 test
systems have been devised and preliminarily assessed (see Table 3-1). All those
test systems that use embryos monitor gross morphological end points. Few tests
are actively used for screening purposes (Brown et al. 1995). Rodent embryo
culture, micromass, and stem-cell assays are currently being validated in a Euro-
pean Union-sponsored trial (Spielmann et al. 1998). The validation of the frog
embryo teratogenesis assay in Xenopus (FETAX) is being reviewed by the U.S.
National Toxicology Program Interagency Center for the Evaluation of Alterna-
tive Toxicological Methods (NIEHS 1997; Fort et al. 1998).

Rather than having been eliminated by objective criteria, most other systems
were simply not adopted by scientists and were not pursued by their originators.
For example, there have been no studies comparing several systems for relative
performance or using more sophisticated molecular end points. A few systems
have been eliminated by poor performance. The mouse ovarian tumor (MOT)
cell-attachment method and the human embryonic palatal mesenchymal (HEPM)
cell-proliferation method were simultaneously assessed by the U.S. National
Toxicology Program (Steele at al. 1988) and shown to have a combined specific-
ity of only 50%. The hydra assay is novel in having been designed specifically to
estimate the A/D ratio. Although transiently popular, usage diminished with the
demonstration that the A/D ratio is not consistent across species (Daston et al.
1991) and with other concerns about comparability with mammalian responses.

New Receptor-Based Tests

Endocrine disruptions by chemicals are beyond the scope of this report but
are relevant in terms of the overlap in receptors involved and in the in vitro ap-
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TABLE 3-1 Systems Proposed as Alternatives to Pregnant Mammals to Test

for Developmental Toxicity?

System

End Point Monitored

References

Mammalian embryos ex utero

Rodent whole-embryo culture

Rodent embryonic organ culture: limb;
palate

Sub-mammalian embryos
Avia: Chick embryotoxicity test (CHEST)

Amphibia: Frog embryo test (FETAX)
Fish: Mekada, zebrafish
Arthropods: Cricket, artemia, Drosophila

Flatworms: Planaria

Echinoderms: Sea urchin
Coelenterates: Hydra
Protista: Slime mold

Cell cultures—primary

Micromass (limb or mid-brain, rodent or
chick embryo)

Human amniotic and chorionic villus

Human placental explants

Drosophila embryo

Chick embryo: neural retinal, neural crest,
brain

Cell cultures—established lines
Mouse ovarian tumor

Human embryo palatal mesenchyme
Neuroblastoma

V79/HEPM

Pox virus in infected cells

HELA
EC cells

ES lines

Morphogenesis
Morphogenesis

Morphogenesis

Morphogenesis
Morphogenesis
Morphogenesis

Morphogenesis

Morphogenesis
Regeneration
Morphogenesis

Differentiation

Stress response

Proliferation,
differentiation

Differentiation

Differentiation

Attachment
Proliferation
Differentiation
Communication
Viral replication

Proliferation
Differentiation

Differentiation

Webster et al. 1997
Kochhar 1982;
Abbott et al. 1992

Peterka and
Pexieder 1994
Fort et al. 1998
Herrmann 1993
Walton 1983; Sleet
and Brendel 1985;
Lynch et al. 1991
Best and Morita
1991
Graillet et al. 1993
Johnson et al. 1988
Tillner et al. 1996

Flint 1993

Honda et al. 1991

Genbacev et al.
1993

Bournias
Vardiabasis 1990

Reinhardt 1993

Braun et al. 1982

Zhao et al. 1995

Kisaalita 1997

Toraason et al. 1992

Keller and Smith
1982

Freese 1982

Hooghe and Ooms
1995

Spielmann et al.
1997

@ The reference given for each system is the most recent available, or one that will lead into the

appropriate literature. Italicized systems are those still in active use in 1998.
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proaches being pursued. Interference with estrogen, androgen, glucocorticoid, or
thyroxine receptor function can result in developmental and endocrine toxicities.
Major efforts are under way to devise screening methods to assess interference
with those receptors (EPA 1998b). This task is complex, because chemicals could
be agonists, partial agonists, antagonists, or negative antagonists (Limbird and
Taylor 1998) or interact with other steps in the pathway. Caution is needed,
therefore, in extrapolating from simple tests. Nevertheless, a variety of tests have
been devised to assess receptor binding, activation of response elements, and
cellular responses (e.g., proliferation). Similar approaches could be devised for
other signaling pathway receptors involved in developmental toxicity.

Animal Bioassays

In vivo animal bioassays are a critical component in human health risk as-
sessment. A basic underlying premise of risk assessment is that mammalian ani-
mal bioassays are predictive of potential adverse human health impacts. This
assumption, and the assumption that humans are the most sensitive mammalian
species, have served as the basis for human health risk assessment.

Several study protocols to test for developmental toxicity in animals are ac-
cepted and used by regulatory agencies such as EPA and FDA. Describing the
various protocols goes beyond the scope of this report and the reader is referred to
the original guidelines (EPA 1991, 1996a, 1998c,d,e; FDA 1994; OECD 1998)
for detailed descriptions. T.F. Collins et al. (1998) contains a discussion and a
comparison of EPA, FDA, and OECD guidelines.

Information obtained from in vivo bioassays includes the identification of
potentially sensitive target organ systems; maternal toxicity; embryonic and fetal
lethality; specific types of malformations including gross, visceral, and skeletal
malformations; and altered birth weight and growth retardation. These assays
can also provide information on reproductive effects, multigenerational effects,
and prenatal and postnatal function. In vivo bioassays determine critical effects
that are used for quantitative assessments by taking the no-observed-adverse-
effect level (NOAEL) for the most sensitive effects.

The focus of animal bioassays primarily has been toxicity assessment, in-
cluding hazard identification and dose-response assessment. The aim of such
studies is to identify qualitatively what spectrum of effects a test chemical can
produce and to put those effects in the context of dose-response relationships.
Because there is uncertainty in extrapolation from animal studies to humans, sev-
eral assumptions are made, including the following: (1) an agent that causes an
adverse developmental effect in experimental animals might cause an effect in
humans; (2) all end points (i.e., death, structural abnormalities, growth alterations,
and functional deficits) of developmental toxicity are of potential concern; and
(3) specific types of developmental effects observed in experimental animals
might not be manifested in the exact same manner as those observed in humans.
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Much of the literature before 1975 concerning studies of in-utero-induced
adverse developmental outcome is troubled by small sample sizes, inappropriate
routes and modes of exposure, inconsistent methodology, and excessively high
dose or concentration exposures. Many of those deficiencies have been corrected
by the regulatory mandate of adhering to Good Laboratory Practices (OECD
1987; FDA 1987; EPA 1990).

Several studies of concordance between the perturbed developmental out-
comes in experimental animal studies and the human clinical experience have
been made (Nisbet and Karch 1983; Kimmel et al. 1984; Francis et al. 1990;
Hemminki and Vineis 1985; Newman et al. 1993). The most rigorous and earliest
of those was done in the early 1980s and is contained in a technical report for the
National Center for Toxicological Research (NCTR) (C.A. Kimmel, EPA, un-
published report, 1984).! In general, these studies concluded that there is concor-
dance of developmental effects between animals and humans and that humans are
as sensitive or more sensitive than the most sensitive animal species.

The NCTR study was notable because it employed criteria of acceptance for
both human and experimental animal reports that included study design and sta-
tistical power considerations. Additionally, the authors held to the premise that
adverse developmental effects represented a continuum of responses—or at least
a number of interrelated effects—including in utero growth retardation, death of
the products of conception, frank malformations, and functional deficits that mani-
fest themselves in later stages in life. Hence, an effect on any one of these end
points in experimental animals or human studies was considered a basis for con-
cordance. Concordance did not require an exact mimicry of response among
species. This was not required because exposure conditions (e.g., timing and
duration of exposure and toxicokinetic differences) and tissue sensitivity (e.g.,
toxicodynamic differences) could differ enough between experimental animals
and humans to result in a different type of effect.

Many different agents—mostly chemical agents but also physical agents—
have been evaluated to determine their capacity to produce developmental toxic-
ity in experimental animal models, such as the rat, mouse, and rabbit. Most of
those studies have been conducted by private industry and federal government-
funded research programs and involved test agents that had not yet entered the
market. Schwetz and Harris (1993) provide a good review of 50 chemicals that
the National Toxicology Program has evaluated for developmental toxicity using
rodent bioassays.

As discussed in Chapter 2, humans were never exposed to many of the mate-
rials that have been evaluated in rodent bioassays and that have been shown to
affect animal prenatal development adversely. Thus, it will never be known

! Dr. Kimmel presented this information to the committee during its meeting on October 6, 1997, in
Washington, D.C.
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whether comparable adverse effects would have been caused had similar human
exposure occurred. Summary compilations from published data covering more
than 4,000 different entities of exposure conditions indicate that more than 1,200
agents, predominantly chemical agents, have produced adverse developmental
outcomes by the end point criteria stated above, often including congenital anoma-
lies, in one or more species of experimental animals (Shepard 1998). Among this
large number are about 50 agents (almost exclusively designated as drugs) that
are known to cause adverse developmental effects in human beings. For most of
the agents that were evaluated for developmental hazard potential in experimen-
tal animals, human exposures will never occur. Thus, public health was pro-
tected, but ascertainment of concordance of animal and human responses was
undetermined for those agents. When exposures occur, rarely have human as-
sessments been sufficient for definitive evaluation and establishment of cause-
and-effect associations. Because of the background incidence of human develop-
mental abnormalities (addressed in Chapter 2) and the difficulties in conducting
epidemiology studies, such associations are extremely difficult to establish un-
less the outcome is unusual and striking, as was the case of thalidomide.

Among industrial chemicals and environmental contaminants that have been
studied in pregnant animal models, often the estimated maximum tolerated dose
(MTD) was repeatedly given in conformance with the testing guidelines. Inter-
nationally, regulatory authorities require in many instances that the MTD, even
up to maternally toxic concentrations, be administered to ensure that no develop-
mental toxicity occurs. Therefore, the underlying principle is that, if regulatory
standards are set to protect against maternal toxicity, no adverse effects will occur
in offspring. Unfortunately, all too frequently the focus of developmental toxic-
ity testing has been to study the effects of an agent only at high doses that are
most likely irrelevant to environmental and occupational exposures. For indus-
trial and environmental chemicals, the dosing regimens at or even above MTDs,
as applied in hazard identification studies, typically contrast sharply with antici-
pated human exposures that are commonly much lower in extent or magnitude,
often uncertain, or even entirely unknown.

Because of the design of developmental hazard identification studies, the
overwhelming majority of the more than 1,200 agents found to elicit adverse
developmental outcomes in experimental animals were tested at doses many times
higher than anticipated human exposures during pregnancy and have often elic-
ited extreme maternal toxicity. Furthermore, exposure of the pregnant animals
was sustained throughout all of organogenesis by daily repeated administrations,
and minimal or no regard was taken for toxicokinetic considerations (see toxico-
kinetics section of this chapter for details).

Therefore, there are problems associated with the application of these assays
for assessing human developmental toxicity potential. Repeated administration
of an MTD might produce adverse results that are not indicative of risk from
ambient exposure concentrations or intermittent exposures. It is a continuing
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challenge for test design and interpretation to minimize the problems noted above
and, thereby, improve the predictiveness of laboratory animal toxicology proto-
cols.

Epidemiology

Four approaches have traditionally been used to evaluate human develop-
mental toxicity: (1) case series, (2) randomized controlled trials, (3) cohort stud-
ies, and (4) case-control studies.

Case series comprise an important first step in assessing relationships be-
tween exposures and adverse pregnancy outcomes. Many developmental toxi-
cants are first recognized by astute clinicians who correlate specific patterns of
developmental defects or developmental disabilities with specific exposures dur-
ing pregnancy. Most notable among agents first identified this way as causing
developmental defects are rubella and thalidomide (Gregg 1941; Lenz and Knapp
1962; for a review, see Rosa 1992). Case series can be useful when the outcome
is distinctive, the exposed population is large enough that numerous cases are
recognized, and the dose and timing are well described. Case series should be
interpreted with caution, however, because the association can be due entirely to
chance. They rarely permit identification of a causal link between exposure and
outcome due to their anecdotal nature and the high background of adverse preg-
nancy outcomes in humans (see Table 2-1). Their greatest value is in the genera-
tion of hypotheses for further investigation.

Randomized controlled trials are the most widely accepted type of epidemio-
logical study for assessing the relationship between an intervention and an out-
come. Subjects are enrolled into a randomized trial based on pre-established
criteria. They are randomly assigned to a reference group (placebo or alternate
treatment) or a test group and administered a test agent under controlled condi-
tions. Because the agent of interest is deliberately administered, this type of
study is not appropriate for assessing risk of chemical exposures on pregnancy, or
of adverse effects of chemicals in general. Randomized control trials have their
widest use in tests of the efficacy of pharmaceuticals and other medical interven-
tions.

Cohort studies are observational epidemiological studies in which individu-
als are assigned to groups (cohorts) on the basis of pre-existing exposure status
and are followed to determine pregnancy outcome. The cohort study approach is
limited to the investigation of few exposures, but allows for the assessment of
numerous developmental endpoints. Considering the rarity of congenital anoma-
lies, large studies are needed to detect differences between cohorts. For example,
spina bifida occurs in 0.1% of most American populations and might not be de-
tected even in a cohort of 1,000 pregnancies. Even though cohort studies allow
for the next best determination of a causal association (after randomized con-
trolled trials), they are often not practical. An additional problem is that some
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individuals from the cohort will no longer be available for follow-up of the preg-
nancy outcome. Postmarketing surveillance by the pharmaceutical industry can
be viewed as a type of cohort study, although an unexposed cohort is often not
studied concurrently.

The case-control study is the most common design used in assessing the
association between exposure and pregnancy outcome. In this type of study, the
pregnancy outcome is identified (usually congenital anomalies in live-born in-
fants), and a retrospective evaluation is then conducted to determine the exposure
pattern. In case-control studies, the number of developmental end points that can
be assessed is small, but several exposures can be investigated. The case-control
study is the most efficient study design for capturing rare events, such as congeni-
tal anomalies. Accurate ascertainment of exposure can be problematic for case-
control studies. Recall bias can occur among women who deliver abnormal in-
fants (i.e., exposures are recalled more extensively by women with abnormal
infants than by those with normal infants). Selection of an appropriate control
group, which ideally is identical to the case group except for the outcome of
interest, can also be difficult.

There is no formula whereby a causal relationship can be established be-
tween an exposure and an adverse pregnancy outcome. Results from epidemio-
logical studies should be interpreted with caution because associations found can
be due to the following:

* Unmeasured confounding, particularly confounding by indication.

» Exposure misclassification (inability to pinpoint relevant dose and tim-
ing).

» Outcome misclassification (related to the heterogeneity of birth defects).

» Biological interactions (subgroups with differing genetic susceptibilities
or presence of additional exposures).

» Differential prenatal survival (in studies evaluating live-born infants,
spontaneous abortion or elective termination of abnormal fetuses should be taken
into account).

Evidence from a number of sources, including human and experimental animal
data, must be collectively considered to determine the strength of the association
(Rothman 1986; Khoury et al. 1992).

There are many problems in identifying associations between exposures and
adverse pregnancy outcomes using conventional epidemiological approaches.
Weak or moderate associations (relative risks or odds ratios ranging from 1 to 3)
are typically found between environmental exposures and pregnancy outcomes
(Khoury et al. 1992). For example, maternal smoking is weakly associated with
oral clefts (odds ratios between 1 and 2) (Khoury et al. 1989). Insulin-dependent
diabetes is associated somewhat more strongly with major malformations (a rela-
tive risk of 7) (Becerra et al. 1990), and potent developmental toxicants, such as
isotretinoin and thalidomide, are very strongly associated with major malforma-
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tions (relative risks in the range of 25 and 300-400, respectively) (Lenz and Knapp
1962; Lammer et al. 1985). Although conventional epidemiological studies have
been useful in quantifying the magnitude of risk produced by those potent agents,
they were first identified as human developmental toxicants through case reports.
Conventional epidemiological studies can be influenced sufficiently with biases,
uncertainties, and methodological weaknesses that they may not be useful to de-
tect accurately and assign significance to weak associations—those with relative
risks in the range of 1 to 3, the range in which many environmental toxicants can
be expected to act (Taubes 1995). In the context of risk assessment, such meth-
odological limits mean that a 2- or 3-fold increase of risk, which amounts to a
major health problem, would go undetected.

Another concern with conventional epidemiological studies on chemicals is
that studies frequently rely on occupationally exposed cohorts under conditions
in which exposure patterns are higher and potentially more consistent than envi-
ronmental exposures of the general public.

Another potential complication in interpreting data from conventional epide-
miological studies is that the complexities and variabilities of human activities,
such as life-style factors and diet, cannot be controlled in human studies in the
same manner as animal studies. Thus, interpretation of epidemiological study
results requires sophisticated experimental designs and analyses to ascertain true
relationships.

The ability of an epidemiological study to identify chemically related effects
is dependent on the size of the study population, the variability of population
effects, the study design, and the background incidence of the adverse health
effect being studied. Such information is especially important for risk assessors
when they are evaluating epidemiological studies with widely varying results.
Understanding how much power a study with negative results has to detect an
adverse outcome strengthens the utility of these studies for risk assessments.

Dose-Response Assessment

As part of the evaluation of dose-response relationships, a quantitative evalu-
ation is conducted (EPA 1991; Moore et al. 1995). Doses or concentrations are
identified that have no or minimal associated adverse developmental effects. A
NOAEL or a lowest-observed-adverse-effect level (LOAEL) is chosen from one
of the experimental doses or concentrations tested. These levels are identified for
each human and experimental animal study and manifestation of developmental
toxicity (i.e., death, structural abnormalities, growth alterations, and functional
deficits). Using the NOAEL or other most sensitive effect levels (i.e., end points
adversely affected at the lowest doses tested), the reference dose (RfD) or refer-
ence concentration (RfC) is determined. These values are an estimate of a daily
exposure to the human population that is assumed to be without appreciable risk
of adverse developmental effects (EPA 1991).

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9871.html

oxicology and Risk Assessment

40 DEVELOPMENTAL TOXICOLOGY AND RISK ASSESSMENT

An acceptable daily intake (ADI) can also be determined from a NOAEL.
ADI values are used for pesticides and food additives to define the daily intake of
chemicals, which appear to be without appreciable risk of harm during an entire
lifetime.

In an alternative approach, a specific effect dose or concentration, such as the
ED (ECs) or ED,, (EC, ) (the best estimate of the dose at a 5% or a 10% level
of response) is determined for the dose-response curve based on rodent or human
epidemiological studies (Crump 1984; Allen et al. 1994 a,b). That dose, which,
unlike the NOAEL or LOAEL, does not have to be one of the experimental doses,
represents the dose that results in a 5% or 10% response in the study population.
The dose is determined from the experimental results by using a dose-response
curve fitting program. Studies have confirmed that these levels of response (5-
10%) represent the minimal level of effect that can statistically be resolved in a
relatively robust bioassay (with the current design for detecting developmental
toxicants). The benchmark dose (BMD) is frequently calculated using the lower
confidence limit of the dose that results in a 5-10% response and thus represents
with 95% confidence the lowest dose giving an increased 5% or 10% response in
exposed populations over unexposed populations. Continuous responses from
developmental toxicity bioassays include percentage of fetuses malformed, per-
centage of litters having one or more malformed fetuses, and birth weights
(Kavlock et al. 1995).

RfDs and ADI values are derived from NOAELs or BMDs by dividing by
uncertainty factors. Uncertainty factors, which are derived from animal and
human data, generally involve dividing by a default value of 10 to account for
uncertainties (EPA 1991). Uncertainty factors for developmental effects are ap-
plied to the NOAEL or BMD to include a 10-fold factor for interspecies extrapo-
lation and a 10-fold factor for intraspecies variation. Additional 10-fold factors
might be used to account for insufficiency in the database, extrapolation from
subchronic to chronic exposures, and extrapolation from a LOAEL to a NOAEL.
In practice, the aggregate product of all the default values is most often a factor of
100 to 1,000 (i.e., the acceptable human exposure concentration is 100- to 1,000-
fold lower than the dose in the animal study that had little or no observable devel-
opmental effects). Because of increasing concern for susceptibility of children,
the Food Quality Protection Act (Public Law 104-170; August 3, 1996) specifies
an additional 10-fold default factor be applied under specific conditions. The
default values are used unless there are research results that support the use of a
different value. The need for uncertainty factors could be reduced with better
data on comparative toxicokinetics, susceptible populations, and mechanisms of
action. For example, if a NOAEL in a rat developmental toxicity study is used to
set a RfD, then, in general, the NOAEL would be divided by 10 to account for
extrapolation from animal studies to humans (interspecies extrapolation) and by
another 10-fold factor to account for sensitive versus average human responses
(intraspecies differences). Modifying factors can be used to change these default
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values of 10 and have been used to decrease the 10-fold factor used for inter-
species extrapolation when there is sufficient knowledge about the similarities in
toxicant kinetics in both rodents and humans (Moore et al. 1995).

Pharmaceutical agents almost always have a smaller difference between
therapeutic and toxic dosages than is considered safe for environmental agents.
A narrow therapeutic index is considered acceptable because pharmaceutical
agents are given under the guidance of a health professional and because the
therapeutic benefit has been determined to outweigh the risk. That is not the
situation for agents such as environmental contaminants and food additives;
hence, RfDs and ADIs are more conservative. It is worth stressing that the de-
fault uncertainty factors can be superceded when relevant exposure data are avail-
able to address key uncertainties. For example, the residual amounts of ethanol
present in fruit juices, yeast breads, or vanilla ice cream are within a factor of
100-1,000 of the amount of alcohol (taken in alcoholic beverages) that results in
fetal alcohol syndrome but do not constitute a risk to the fetus.

Renwick (1998) has discussed the concept of viewing uncertainty as being
composed of kinetic and dynamic components and has proposed the concept of
reducing the uncertainty associated with either or both of those components with
additional mechanistic information. This structure has provided an initial frame-
work by which mechanistic information can be used in the current risk assess-
ment approaches. Chapters that follow will show how important new informa-
tion on species differences and data on human variability can replace our reliance
on such default approaches for developmental toxicity risk assessment.

Exposure Assessment

Exposure assessments are a critical component of the risk characterization
process. Ideally, for developmental toxicity, one would like to have information
about how much of the critical reactive species of the test chemical is present at
the biological target throughout gestation. At the molecular level, that would
mean knowing how much of and how long the toxic compound is bound to a
specific target receptor. At the organism level, that would mean knowing how
exposure occurred, when it occurred, how much of a compound was absorbed,
what type of metabolism of the compound took place within the maternal com-
partment, and how that metabolism affected the exposure of the conceptus com-
partment. Information on how the conceptus metabolized and eliminated the
compounds would also be important to know. Thus, an understanding of both
time of exposure and dose is particularly important for characterizing the poten-
tial impacts of developmental toxicants. Numerous studies have shown dramati-
cally different dose-response relationships when exposures occur even 8-12 hr
apart due to the significant temporal differences in tissue susceptibility. Tempo-
ral differences make exposure assessments for developmental toxicants one of
the most challenging of all exposure assessments. Although general toxicokinetic
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models exist for pregnancy, a refined exposure-modeling tool is not available for
most chemicals. The lack of that tool is probably a key factor behind efforts to
use exposure biomarkers and direct tissue measurements to improve estimates of
conceptus exposures. Biomarkers of exposure have proved to be especially use-
ful in addressing the limitations of exposure data in epidemiological assessments.
Such biomarkers allow for a more accurate and representative exposure assess-
ment and, when linked temporarily with biomarkers of effect, can frequently en-
hance the ability of a human epidemiological study to estimate human risk. New
advances in biomarkers of susceptibility are allowing investigators to understand
more fully variability in human response and have been proposed as improve-
ments for human risk characterization.

One approach for using exposure information is to calculate a margin of
exposure (MOE). The MOE is a ratio of the dose judged to be without effect to
the anticipated levels of human exposure (Moore et al. 1995). However, because
the calculation does not include the use of any default values to account for
sources of uncertainty, it can only give a general indication of different levels of
effects versus exposures levels for a quick exposure-scenario comparison.

The challenge for human health risk assessment is to convert exposure as-
sessment information into relevant information for humans. The subsequent sec-
tion on toxicokinetics will expand upon these concepts and will explain what
information is needed to conduct relevant human exposure assessments.

Toxicokinetics

Toxicokinetics is the description of the absorption, distribution, metabolism,
and excretion of a toxic chemical into and from the body (commonly referred to
as ADME). The importance of chemical toxicokinetics for risk assessment is
demonstrated by several example documents (California Environmental Protec-
tion Agency 1991; Moore et al. 1995; EPA 1996a; O’Flaherty 1997). These
combined documents show a consensus that toxicokinetic data provide key ele-
ments to understanding species differences in response to developmental toxi-
cants. Figure 3-2 shows an illustration of how exposure to a compound is then
evaluated by using ADME. ADME controls how much of, when, and in what
form a toxicant comes in contact with target organs. For developmental toxi-
cants, these key questions are related to the amount and form of the toxicant that
reaches tissues of the conceptus. Such knowledge can reduce the uncertainty in
the extrapolation of results collected from experimental animals for the predic-
tion of hazard associated with exposure of pregnant women. This section pro-
vides a brief discussion of a number of issues that require further investigation, as
work continues to improve the scientific basis for risk assessment.

Decisions about toxicity hazard and risk to human development based on
toxicokinetics from pregnant animals can rarely provide an unequivocal answer
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of yes or no. The use of retinoid creams for dermal application can serve as an
example. Retinoids were already known to cause developmental toxicity in preg-
nant animals of every test species examined. The regulatory decision concerning
retinoid creams for dermal application was based on barely detectable changes in
the blood concentrations of endogenous retinoids after dermal application of the
drug. However, there is still minimal marketing of retinoid creams for dermal
application. A similar case has been noted for vitamin A pills (retinyl palmitate)
administered at doses greater than 30,000 IU per day (R.K. Miller et al. 1998).

If data show that a chemical is absorbed into the systemic circulation, then
the next most important piece of toxicokinetic information is a determination of
whether the biologically active toxicant is the parent compound, a metabolite, or
both. Without such knowledge, the usefulness of other toxicokinetic data is di-
minished. If the active toxicant is not clearly delineated, then the qualitative and
quantitative metabolic patterns that often vary between species for the agent of
interest cannot be constructively applied in the characterization of hazard and the
management of potential risks.

A determination of species concordance in susceptibility, in both basic re-
search studies and developmental toxicity hazard assessment testing of chemical
agents, is often the key element that provides the foundation for a generalization
of the findings and extrapolations relevant for humans. Toxicokinetics are there-
fore studied to compare absorption, distribution, metabolism, and elimination of
the test agent and its relevant metabolites. Toxicokinetic measurements can be
used to determine the internal dose delivered to target tissues rather than relying
on the administered dose, thereby taking into account species differences and
individual variations in the extent and duration of systemic exposure in maternal
and conceptus compartments. These interspecies variations and the interindi-
vidual differences in the same species indicate that each individual has a specific
“fingerprint” of unique alleles of genes encoding drug-metabolizing enzymes
(DMESs) as well as receptor and transcription factors that regulate the expression
of genes encoding those DMEs. All DMEs appear to have endogenous substrates
and are used in the biological functions of the normal animal or human, yet these
enzymes have specificities that are sufficiently broad to metabolize endogenous
substrates and environmental agents (Nebert 1994). Extrapolating toxicokinetic
results from laboratory animals to nonhuman primates and humans is further com-
plicated by the fact that the DMEs in the embryo and fetus differ considerably
from one another with species-specific temporal patterns of expression observed
throughout gestation and postnatal periods (Miller et al. 1996; Cresteil 1998).
Such differences can allow drug-metabolizing reactions to occur in primates that
are not yet functional in the common laboratory animal conceptus. The signifi-
cance of such differences is magnified when considered with the differences in
the susceptibility between the conceptus and adult tissues.

Few studies have been conducted in pregnant animals that have compared
species-specific toxicokinetics. The data collected make it apparent that inter-
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species differences in susceptibility to developmentally toxic effects can fre-
quently be due to differences in absorption, fate, or elimination of the agent of
interest rather than to fundamental species-specific differences in biological re-
sponse. Examples of embryotoxic drugs that have undergone detailed compara-
tive evaluations are valproic acid (Nau 1986) and retinoids (Kraft et al. 1993;
Kraft and Juchau 1993; Nau et al. 1994).

Regulatory authorities have required that the highest dose administered in
animal toxicity studies in support of product registration be the estimated MTD.
The administration of the MTD serves to maximize the likelihood of manifesta-
tion of a biological and possibly adverse response and ensure detection of all
inherent toxicities. However, very large doses of environmental agents might be
required in animals to reach the MTD, compared with anticipated human expo-
sures at low concentrations. Such high doses of a test agent in animals can result
in different kinetic and dynamic processes than those occurring at lower, more
environmentally relevant exposures. For example, high doses can saturate elimi-
nation or repair processes or stimulate cell division or apoptosis, which might
result in grossly exaggerated target organ concentrations and manifestations of
toxicity. Indeed, toxicokinetic studies conducted in past decades have elucidated
those phenomena for numerous therapeutic and environmental agents. The in-
sights gained have led to the simplistic subdivision of linear and nonlinear classi-
fication of kinetics. Toxicokinetic data are essential to ascertain whether similar
intervals or concentrations of the chemical or its metabolites result from different
doses. High doses often result in nonlinear kinetics and subsequently elicit toxic
effects that are not observed at low doses associated with linear toxicokinetics.
Consideration of these kinetic and dose-response relationships is needed as new
information is evaluated for use in risk assessment.

Toxicokinetic considerations are not only important in the interpretation of
potential health effects and their relevance across species but they are also impor-
tant in the determination of a developmental toxicity study design. For example,
in one type of conventional developmental toxicology study design, studies ini-
tiate dosing at the beginning of organogenesis of the chosen test species. The
study design might be flawed for compounds that have a long half-life, because
steady-state concentrations are reached only after dosing for approximately four
half-lives. Thus, a compound that has a half-life of 24 hr will not reach steady-
state concentrations until 4 days after four consecutive daily administrations.
Such a toxicokinetic property might miss the window of susceptibility to chemi-
cal perturbation of a specific developmental process in a long half-life test spe-
cies. In animals with short gestation durations, such as the mouse or rat, the
embryo might reach a developmental stage of decreased teratogenic sensitivity
by the time the toxicologically critical steady-state concentration is achieved.
For some agents, it may be possible to overcome this problem by starting expo-
sure of the dam earlier in pregnancy. Toxicokinetic information can thus aid in
the proper design of new studies or more accurately interpret results from inves-
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tigations already completed. In this context, the committee needs to point out
some serious shortcomings in the present approaches to interspecies extrapola-
tions of toxicokinetic information, particularly those extrapolations that make the
jump from laboratory animals to pregnant women. All too often, toxicokinetic
data from pregnant animals are collected only for the maternal organism, and
equally important aspects of the conceptus compartments are entirely lacking.
As the examples of some chemicals studied in more detail have shown, the mater-
nal-conceptus kinetics of chemicals and drugs change dynamically throughout
gestation. Pharmacokinetic measurements in human pregnancy related to thera-
peutically used pharmaceutical agents are typically derived from blood and tissue
samples collected from term deliveries and constitute only one or just a few time
points after the drug’s administration. Many significant changes occur through-
out gestation that can make such term kinetic assessments less directly applicable
for evaluation of first-trimester exposures.

The present dosing regimens in safety evaluations do not always consider the
profound differences in elimination half-lives of chemicals between animal test
species and humans (Nau 1986). The studies on valproic acid revealed dramatic
species differences in the toxicokinetics of this drug that correlate with the spe-
cies-specific teratogenic response (Nau 1986). Technical means of dosing that
overcome the toxicokinetic differences between humans and pregnant animals
exist and have been shown to be applicable and useful. For example, the studies
on valproic acid were conducted by subcutaneously implanting osmotic mini-
pumps that can deliver a chemical at a constant rate and produce maternal serum
pharmacokinetic profiles with concentrations of the test chemical that resemble
those occurring in humans much more closely than single or even repeated bolus
administrations (Nau et al. 1981, 1985). However, conventional developmental
toxicity testing designs still do not use that methodology routinely. It was critical
for the committee to consider these factors in their deliberations on how to use
new biological information for human risk assessment. Toward that end, it will
be helpful to understand whether a developmental toxicant acts by exceeding a
certain threshold peak concentration (Cmax) for a brief period of time, or whether
an extended exposure to a certain concentration of the chemical over some period
of time, is required to induce abnormal development. Such toxicokinetic rela-
tionships are graphically expressed as a plot of the concentration of the chemical
of concern in maternal plasma (and preferably also in the embryo) against time.
This visual display of the chemical-analytical presence of the substance and time
is commonly known as area under the curve (AUC), as shown in Figure 3-3. In
developmental toxicity studies, both the Cmax and the AUC concepts have been
all too uncritically applied in assessing the value of toxicokinetics in pregnancy.
The maternal AUC has often been used to draw conclusions about the chemical
exposure of the conceptus without the availability of any toxicokinetic informa-
tion from the conceptus compartments. The assessment of conceptus toxicant
levels can be invaluable for understanding animal species differences in develop-
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FIGURE 3-3 Two chemicals with different toxicokinetic properties are schematically
illustrated. The concentration in maternal plasma of Chemical 1 (solid line) rises rapidly to
reach its maximum (Cmax). Chemical 1 is then eliminated from the blood-plasma com-
partment in less than 2 hr after administration. In contrast, the plasma concentration of
Chemical 2 (dashed line) rises more gradually and is slowly cleared from maternal plasma
in an apparently biphasic fashion. The area under the curve (AUC) is defined by the plot
of concentration of the chemical against time after administration.

mental toxicity and for assessing the validity of negative in vivo studies for com-
pounds otherwise suspected to have high potential for developmental toxicity.
One chemical for which toxicokinetic data have been collected from mater-
nal and conceptus compartments at two stages of pregnancy is 2-methoxyacetic
acid, the proximate developmental toxicant derived from the maternal oxidation
of 2-methoxyethanol, an ethylene glycol ether used as an industrial solvent. This
chemical produces gross malformations in several test animal species examined,
including nonhuman primates. Depending on the developmental age of an em-
bryo at the time of exposure to sufficiently high concentrations of 2-meth-
oxyacetic acid, the target tissues are either the developing anterior neuropore or
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the differentiating paw skeleton of the limbs, and exposure causes exencephaly or
digit malformations, respectively (Terry et al. 1994). In the case of 2-meth-
oxyethanol, the maternal plasma AUC of 2-methoxyacetic acid was highly in-
dicative of that in the embryo and might serve as a surrogate of separate concep-
tus toxicokinetic measurements (Welsch et al. 1995, 1996).

Toxicokinetic information could be helpful in judging the extent of the haz-
ard to humans from exposures if human kinetics are known (Yacobi et al. 1993).
For example, the anticonvulsant drug valproic acid given to pregnant mice in-
duces exencephaly in their embryos when a certain maternal plasma threshold
concentration is surpassed for a very brief duration (Nau 1986). Larger total
exposure over time (larger AUC) achieved by constant maternal drug infusion
causes a dramatically lower incidence of exencephaly, indicating that the peak
concentration (Cmax) rather than total exposure over time (AUC) induces the
teratogenic response in mice. In contrast, clinical use of valproic acid for
antiepileptic therapy requires the maintenance of valproic acid concentrations in
an effective therapeutic range at which the required human doses produce serum
Cmax values that are 6-10-fold lower than the teratogenic concentrations in mice
(Nau 1986). A similar inference regarding Cmax as a cause of embryotoxic ef-
fects was made for caffeine in mice. A large single dose (100 mg/kg) induced a
teratogenic response, whereas the same total amount divided into four separate
administrations did not cause any malformations (Sullivan et al. 1987).

The embryotoxicity of other agents appears to depend on the total exposure
over time (AUC). For example, the developmental toxicity of all-frans retinoic
acid and cyclophosphamide (a chemotherapeutic alkylating agent) in the rat cor-
relates best with duration of exposure (Tzimas et al. 1997; Reiners et al. 1987).

Caution in the interpretation of maternal AUC information without concomi-
tant conceptus toxicokinetics is necessary because a single agent might act
through both toxicokinetic exposure patterns, depending on the stage of develop-
ment. 2-Methoxyacetic acid seems to induce mouse digit malformations best
correlated with maternal and conceptus AUC (Clarke et al. 1992, 1993; Welsch et
al. 1995, 1996). However, additional toxicokinetic data from both the maternal
and the conceptus compartments at an earlier stage of mouse embryogenesis indi-
cate that the agent induces neural tube defects that correlate best with Cmax in the
conceptus tissues (Terry et al. 1994; Welsch et al. 1996). What is still lacking in
these data is information on the toxicodynamic interaction of 2-methoxyacetic
acid with a specific and still unknown recognition site (receptor) in the conceptus.
The significance of considering both AUC and Cmax measurements for develop-
mental toxicity risk assessment is especially important because of known tempo-
ral differences in tissue susceptibility. In cancer risk assessment, Haber’s law
(the product of concentration times time is equal to a constant) is used to normal-
ize risk impacts. Such generalizing concepts cannot be applied in developmental
toxicity risk assessment. A recent study by Weller et al. (1999) illustrated these
differences for ethylene oxide developmental toxicity.
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The toxicokinetic patterns that have been important in discriminating devel-
opmental toxicity are described here in terms of AUC and Cmax, and not in terms
of metabolite profile (i.e., the qualitative similarities in a parent compound and its
metabolites). Species are known to differ in the rates that they absorb, distribute,
and excrete compounds (i.e., the metabolic rate manifested at AUC and Cmax).
Pharmaceutical studies have demonstrated that metabolite profiles between spe-
cies are often similar (Nau et al. 1994), and this similarity is one of the reasons
that it is common practice to use various animal models to assess the potential
toxicity of chemicals. The committee will later propose that human DME genes
be introduced into model animals to further reduce differences in metabolism.
These transgenic animals are likely to have similar metabolite profiles as humans
but will be considerably different from humans in terms of metabolic rate.

In summary, the correct application of toxicokinetic information in the deter-
mination of hazard and in judgments concerning risk characterization requires a
broad view of pharmacological, toxicological, and embryological principles.
These principles have guided the committee in their considerations on how most
effectively to incorporate recent advances in molecular and developmental biol-
ogy in risk assessment.

BIOMARKERS

As the committee has outlined in the previous sections of this chapter, key
challenges facing risk assessors include the need to understand critical initial
events caused by toxicants (events that occur at low doses and early stages of
toxicity) and to understand the implications of animal toxicity for human health.
Ideally, appropriate biomarkers could serve as indicators to link exposure and
early biological effects, and ultimately link those early effects with disease or
pathogenesis. As numerous NRC reports have indicated, biomarkers of expo-
sure, effects, and susceptibility are exactly the types of indicators that are needed
to address these risk assessment challenges.

Specifically, biomarkers for developmental toxicity have been reviewed in
the context of reproductive toxicology in a previous NRC (1989) report, Biologic
Markers in Reproductive Toxicology. Three types of biomarkers have been de-
fined (NRC 1989):

1. A biologic marker of exposure is an exogenous substance or its
metabolite(s) or the product of an interaction between a foreign chemical and
some target molecule or cell. The biomarker is measured in a compartment within
an organism.

2. A biologic marker of effect represents a measurable biochemical, physi-
ological, or other alteration within an organism that, depending on magnitude,
can be recognized as causing an established or potential health impairment or
disease.
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3. A biologic marker of susceptibility is an indicator of an inherent or ac-
quired limitation of an organism’s ability to respond to the challenge of exposure
to a specific foreign chemical substance.

It is easy to see from those definitions that biomarkers of exposure and effect
should be useful for linking early, low-dose exposures with pathogenesis and
providing a platform for cross-species and cross-compound comparisons. Like-
wise, it is easy to see how biomarkers of susceptibility could be especially useful
for assessing differences in temporal sensitivity and developing tissues and for
cross-species and intraspecies comparisons.

The validity of a biomarker for risk assessment depends on a demonstration
that it is highly associated with the outcome, such as in this context, a develop-
mental defect. At present, few biomarkers meet the test. When evaluating
biomarkers, one must investigate the mechanistic basis of the association be-
tween the biomarker and the adverse events and then determine the reliability of
the comparison in a large and varied population for specificity, sensitivity, and
reproducibility. A biomarker does not have to be the definitive end point for
defining the problem, although that is preferable, but even having a tool to iden-
tify candidate individuals for more definitive testing can be helpful. For ex-
ample, the maternal serum o-fetoprotein levels are useful in clinical screens for
neural tube defects, but serum o-fetoprotein is not a definitive test for such de-
fects.

Temporal considerations are important for using biomarkers for develop-
mental toxicity. When considering the validity of a screening test, the gestational
age at the time of assessment and, more important, the gestational age at the time
of exposure to the toxicant must be considered. Such issues have growing impor-
tance as fetal therapeutic interventions are increasingly available for use (Miller
1991). Accessibility to the biological material of interest is temporally deter-
mined. For example, invasive (e.g., percutaneous umbilical blood sampling,
PUBS) and noninvasive biomarker procedures (e.g., ultrasound and Doppler) for
assessing the developmental state of the fetus have made possible the use of inter-
ventions that have revolutionized the clinical capabilities to treat the affected
fetus. At the same time, physicians can now predict, based upon patterns of
uterine blood flow, which pregnancies have a greater risk for a poor reproductive
outcome (Jaffe 1998).

Biomarkers of Exposure

The pre-eminent example in this category is methylmercury (MeHg). Mater-
nal hair concentrations, as well as blood concentrations, of MeHg correlate with
adverse developmental outcomes in the children exposed in utero (Clarkson
1987). Different threshold exposures have been observed in the adult and fetus
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for detrimental effects, based upon the hair analyses for MeHg. In fact, temporal
records of MeHg exposure can be determined by measuring MeHg levels at vari-
ous places in the human hair shaft.

Unfortunately, not all substances are comparable to MeHg in lending them-
selves to use as exposure biomarkers. For example, a debate continues concern-
ing the dose of vitamin A, as retinyl esters versus retinol, that will produce mal-
formations in humans. Of particular interest is the discussion about what dosages
of vitamin A are needed to increase the blood concentrations of retinoic acid
metabolites significantly above those seen in normal pregnant women. Doses of
30,000 international units of retinyl palmitate per day administered orally did not
significantly increase the concentrations of retinoic acid in nonpregnant women
above those concentrations already circulating in untreated pregnant women
(R.K. Miller et al. 1998). Still, for many agents (e.g., ethanol, solvents, and
retinoids) that cause developmental toxicity at or near adult toxic dosages, one
might be able to monitor concentrations of the compound (or metabolites) in the
exposed individual and thereby establish possible risk. Thus, biomarkers of
exposure have the potential to be critical in establishing potential risk at a sensi-
tive period during development.

For developmental toxicants that can produce developmental defects at dos-
ages or concentrations not causing identifiable immediate adult toxicity (e.g.,
thalidomide and cigarette smoking), biomarkers of exposure that reveal actual
concentrations of parent compounds or metabolites (e.g., cotinine as a nicotine-
metabolite measure of cigarettes smoked) might be the only available indicators
of risk.

It is believed that subtle changes in gene expression, as assayed by large-
scale microassay analyses, are good examples of newly developing biomarkers of
exposure. Those biomarkers still need to relate expression changes with early
biological effects, occurring well before toxicity. In fact, there are extensive
discussions to determine if these are truly “biomarkers of exposure” or “bio-
markers of effect.” Current efforts are under way to improve the detection of
differences in patterns of gene expression for various chemical classes (e.g., per-
oxisomal proliferators and oxidants), with the aim of improving use of patterns
rather than single changes as exposure biomarkers. In cases in which maternal
toxic effects occur, the patterns of expression changes might be especially useful
biomarkers to improve detection of developmental versus maternal toxicity.

Biomarkers of exposure often are used in occupational and molecular epide-
miology. Aniline-hemoglobin adducts, benzo[a]pyrene-DNA adducts, aflatoxin
B1-DNA adducts, elevated metallothionein, and elevated urinary 8-hydroxy-
deoxyguanosine levels have been useful biomarkers for specific exposures. The
cancer risk of exposure to dangerous concentrations of foreign or endogenous
chemicals is assessed by the activation of a proto-oncogene or the inactivation of
a tumor-suppressor gene (e.g., p53), reflecting the mutation of these genes in
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somatic tissues. In this usage, the biomarker of exposure also comes close to
being a biomarker of effect, insofar as mutagenesis is thought to be an important
step in carcinogenesis. Still other biomarkers, such as aryl hydrocarbon hydroxy-
lase (AHH) and CYP1AT1 at high concentrations, are taken to reflect induction of
the enzymes by high internal concentrations of potentially toxic agents and are
used to predict whether a population or individual might be at risk for perinatal
morbidity or mortality.

Biomarkers of Effect

Biomarkers of effect at the molecular level are becoming as important as
monitoring metabolites or a parent compound. Recently, Perera et al. (1998)
confirmed an inverse relationship between concentrations of cotinine in plasma
from newborns, a metabolite of nicotine, and birth weight and length. They also
demonstrated a significant association between decreased body size at birth, body
weight, and head circumference and increased concentrations of polycyclic aro-
matic hydrocarbon (PAH)-DNA adducts in umbilical cord blood above the me-
dian. This had previously been demonstrated for PAH-DNA adducts measured
in the human placenta (Everson 1987; Everson et al. 1988). Such associations
were related to cigarette smoking and environmental pollution. Those examples
show that there can be a practical use of biomarkers of effect at the molecular
level to assess exposure. Such measurements not only allow for epidemiological
evaluations of environmental pollutants, such as cigarette smoke and air pollu-
tion, but they also allow those evaluations to help identify a subpopulation of
individuals that might be at risk. Critical applications for such biomarkers in
developmental toxicology are in the identification of those at risk, with hopes of
reducing that risk by modifying exposure and by developing other intervention
strategies to decrease the incidence of developmental defects. Other biomarkers
include indicators of normal cell processes (e.g., cell proliferation that may occur
at inappropriate times or at different levels of expression). Proliferation markers
are often used for assessing immunological impacts where proliferation status is
evaluated in the context of differentiation status. These immunological studies
present similar issues to those in biomarker studies in developmental toxicology.
Likewise, biomarkers of the apoptotic process (e.g., early biomarkers such as
nexin, enzymatic changes in various caspase levels or types, and late biomarkers
such as DNA fragmentation) can provide temporal, mechanistic biomarkers of
effect that are also highly relevant for developmental toxicity assessments.

Other biomarkers of effect include increased concentrations of o-fetoprotein
in amniotic fluid as indicative of neural tube defects, since delayed closure of the
tube is thought to allow escape of this protein. Other biomarkers might be used in
combination to enhance the collective ability to diagnosis or predict possible de-
velopmental anomalies (e.g., the triple assay of human chorionic gonadotropin,
estriol, and o-fetoprotein for trisomy 21).
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Biomarkers of Susceptibility

These biomarkers are used to identify either individuals or populations who
might have a different risk based upon differences that are inherent (i.e., genetic)
or acquired (i.e., from life history and conditions). The inherent category in-
cludes the polymorphisms for genes encoding DMEs and for genes for the recep-
tor and transcription factors regulating the expression of the genes for DMEs, as
discussed in a previous section of this chapter. The category also includes poly-
morphisms for genes encoding components of developmental processes, although
the latter are still not well understood. The acquired category includes previous
disease conditions, antibody immunity, nutrition, other chemical and pharmaceu-
tical exposures, and various capacities for homeostasis.

As a monitor, the placenta has been a key test organ for identifying such
sensitive populations and their responses to environmental exposures. For ex-
ample, Welch et al. (1969) and Nebert et al. (1969) demonstrated that AHH is
induced in the human placenta of cigarette smokers. With the ever-improving
tools for investigation, biomarkers now have moved from proteins and enzyme
activities induced by polycyclic aromatic hydrocarbons (e.g., benzo[a]pyrene)
and dioxin (Manchester et al. 1984; Gurtoo et al. 1983) to biomarkers of com-
bined effect and exposure, such as mRNAs (e.g., CYP1AT1) plus DNA adducts
(Everson et al. 1987,1988; Perera et al. 1998).

The molecular probes to identify such subpopulations are useful as bio-
markers not only for identifying individuals at risk but also for exploring the
underlying mechanisms by which those individuals or populations are at risk by
demonstrating allelic polymorphisms in a particular gene. As discussed above,
gene-environment interactions have been noted for the induction of cleft palate in
humans (Hwang et al. 1995) through a combination of cigarette smoking and
TGF genotype. Alone, neither variable demonstrates an association with cleft
palate. Such an example demonstrates the possibility for understanding why only
a small percentage of a population exposed to a developmental toxicant might be
at risk, but more important, it identifies a biological association that might lead to
a mechanistic understanding of how a particular developmental defect might oc-
cur.

There are serious concerns about using the term “biomarkers of susceptibil-
ity” to describe a person’s particular set of alleles because these have a heredi-
tary basis (e.g., slow acetylator activity, low G6PD activity, low 5,10-methylene
tetrahydrofolate reductase activity, or high CYP1A1 activity). The committee
emphasizes the need for a distinction between biomarkers of susceptibility re-
flecting inherent limitations versus those reflecting acquired limitations. The
former require a full understanding of the complex genetic implications before
they can be used. An allele encoding an altered DME, for example, might put
the individual at increased risk for toxicity caused by one environmental chemi-
cal but at decreased risk for toxicity caused by another drug or environmental
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chemical. Combinations of alleles might also have exaggerating or compensat-
ing effects.

LIMITATIONS IN DEVELOPMENTAL
TOXICITY RISK ASSESSMENTS

Although it can be argued that the current approach of risk assessment ap-
pears to have worked reasonably well for hazard identification, many assump-
tions must be made before it can be applied. One such default assumption is that
outcomes for rodent tests are relevant for human risk prediction. Such assump-
tions are generically used because information on the mechanisms of action for
specific developmental toxicants is inadequate and because the lack of mechanis-
tic information results in the use of default uncertainty factors. The most impor-
tant limitation is the paucity of human data, and the lack of methodology to ad-
equately assess humans. Mechanism of action can be pursued in animal models,
but it is also the lack of an understanding of human development that hampers
risk assessment.

For risk characterization, the bioassays used for regulatory assessment have
provided limited dose-response information. The information is limited because
the focus is on the effects of high doses at or near maternal toxicity to emphasize
identification of hazards. That focus has provided little quantitative information
on the dose-response relationship in the low-dose region, the region of greatest
importance for extrapolation in human risk assessment. The lack of useful dose-
response data has had several impacts. As mentioned previously, conservative
use of uncertainty factors predominates for converting NOAELs and BMDs to
RfDs for determination of acceptable safe exposure levels. The dominance of
animal testing at high doses has also had the unfortunate consequence of provid-
ing minimal useful mechanistic information, because assessments are frequently
conducted at doses where homeostatic mechanisms are overwhelmed (Nebert
1994), and mechanistic clues about critical toxicant-induced changes are hidden.

The lack of mechanistic information has also resulted in assumptions about
sensitivity among humans. Present practice in risk assessment almost always
makes use of a default factor of 10 to take into account the variability in sensitiv-
ity (i.e., there is a 10-fold difference in susceptibility of the most sensitive indi-
vidual and the average individual). This assumption has been experimentally
addressed for relatively few chemicals (for a review, see Neumann and Kimmel
1998). However, the default assumption could change as researchers gain more
information about the underlying basis for responses to toxicants. To date, the
greatest progress in characterizing human variability is from research on DME:s.
With time, there will also be data on other factors that influence susceptibility.
For example, as discussed in detail in Chapter 5, a particular allele of transform-
ing growth factor conveys more than a 10-fold increase in risk of oral clefts in
infants whose mothers smoke cigarettes (Hwang et al. 1995; Shaw et al.1996).
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As knowledge of human variation in responses increases from the results of the
Human Genome Project, a risk-assessment framework is needed in which these
default factors are replaced with mechanistic data on relevant toxicant-induced
changes.

Molecular approaches should be useful in resolving the issue of extrapola-
tion across species. There is general agreement that the molecular control of
development is highly conserved, although the pattern of development of struc-
tures at higher levels of biological organization can be very dissimilar. The com-
mittee discusses such conservatism in Chapter 7 and suggests that models that
assess a small number of those control points and pathways might be relevant for
evaluating the potential for chemicals to impact the critical pathways in develop-
ment, regardless of the species from which the model is derived. The same prin-
ciple applies to extrapolation from rat or mouse to humans. The critical data to
support predictions of ultimate effect in human embryos include a description of
the pathogenetic steps that ensue from toxicant actions at the molecular level and
lead to structural malformations. Pattern formation genes and signal transduction
pathways are so highly conserved across groups of animals that actions of toxi-
cants on those gene products and processes are likely to be comparable and have
similar toxicodynamic impacts. The events that follow perturbations at the mo-
lecular level are likely to be more prone to interspecies variability, for example,
the toxicokinetic differences observed with chemicals that require metabolic acti-
vation, as metabolic rates often vary markedly between species. At this point, the
predictive value of hazard identification data in alternative models, particularly
those that are phylogenetically removed from humans, becomes limited. There-
fore, characterization of the pathogenetic events that result in dysmorphogenesis
will lead to better prediction of (1) whether the critical events are present and
when they are functional in humans, predisposing them to an adverse outcome;
and (2) the kinds of adverse outcomes that are possible, based on the temporal
and spatial locations of the critical events.

A better understanding of the molecular and cellular mechanisms involved in
the pathogenesis of abnormal development might provide a method for answer-
ing such questions as to whether a residual level of risk exists at the RfD or ADI
and what that level might be. A residual level of risk might also provide a method
for determining what exposure concentration can be permitted before the prob-
ability of an adverse event begins to increase. The resolving power of animal
studies to distinguish an increase in the rate of frank malformations is relatively
weak. For example, in a study with 20 pregnant rats per dose group, an increase
in the malformation rate must double from the background rate to be statistically
significant. Mechanistic and pathogenetic events may prove to be much more
sensitive and, therefore, provide a data-driven means to extend the dose-response
curve below the NOAEL or BMD for malformations. Although these effects
might not be adverse, they might be biomarkers or early indicators for the process
of pathogenesis and might help to determine the shape and slope of the dose-
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response curve at doses that approach relevance for human exposure. It then
becomes a matter of conducting further research to understand the magnitude of
response on a molecular or cellular end point that is needed to produce a struc-
tural defect with adverse physiological, structural, or functional developmental
effects. A method has been proposed for constructing dose-response curves that
combine data on frank malformations with data on less-severe effects that are not
considered adverse. For example, Allen et al. (1996) combined data on rib mal-
formations with those on rib variations in rats prenatally exposed to boric acid.
This method could easily be adapted to include molecular events.

Although it can be postulated that many molecular and cellular events that
are the precedents of abnormal development are unlikely to have strictly linear
dose-response curves, there is minimal information on developmental specific
processes. There have been extensive discussions on the shape of receptor-ver-
sus-nonreceptor-based responses that were initiated directly from recent advances
in the understanding of molecular events; yet, little is known about actual events
at low-dose exposures, as opposed to generation of hypothesized dose-response
relationships at low doses. Hypothetical biologically based dose-response mod-
els have been proposed on a toxicant-specific basis (Shuey et al. 1995; Leroux et
al. 1996). What appears to be most relevant for this report is a call for increased
understanding of toxicant-induced molecular changes and an investigation of how
these early events are linked to manifestations of adverse developmental out-
comes. Empirical work will be needed to establish the magnitude of response at
each level of organization required to provoke a response at the next level. Such
investigations should be conducted to obtain quantitative information on the ki-
netics of the toxicant and the dynamics of the toxicological interaction in the
temporal context of development (Faustman et al. 1999; Faustman et al. 2000).

Current practices in developmental toxicity risk assessment recognize the
concept of “critical windows of sensitivity” in development, but a fundamental
understanding of applying the molecular and developmental biological events
that define those windows is lacking. This lack of understanding again results in
the application of additional child-specific uncertainty factors in efforts to ad-
dress the sensitivity of the developing conceptus rather than emphasizing the
search for the biological understanding of critical windows of susceptibility.

A corollary to the problem of low-dose extrapolation is the assumption that
effects observed at high-dose concentrations in experimental animals are relevant
to the prediction of risk of adverse effects at ambient exposure concentrations.
As discussed previously, testing of chemicals has the inherent dilemma of requir-
ing exaggerated doses and concentrations to maximize the chances of detecting
the potential for adverse effects and requiring understanding that the interpret-
ability of the results might be limited because of the possibility that physiological
processes in the pregnant animal have been so overwhelmed that the observed
responses are qualitatively different from the responses at lower doses. The un-
easy resolution of the dilemma has been to assume that the high dose and concen-
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tration effects are predictive of all effects at low exposure doses and concentra-
tions unless they are proved to be secondary to maternal toxicity. Some research
has been conducted to demonstrate the existence of maternally mediated mecha-
nisms of adverse development (Daston et al. 1991a, 1994). Examples are the
induction of transitory zinc deficiencies in the dam by metallothionein inducers
(Daston and Lehman-McKeeman 1996) and the overwhelming of acid-base buff-
ering by acidic metabolites of ethylene glycol (Carney et al. 1996). Understand-
ing the molecular processes that lead to specific developmental abnormalities
will be useful in determining the low-dose relevance of high-dose effects. In
those instances in which the high-dose effects are predictive of low-dose re-
sponses, the relevant molecular processes would be expected to increase with
dose (i.e., to involve higher levels of gene expression or cellular response and
involve more cells). For those instances in which the high-dose effects are the
result of a secondary mechanism, the dose-response curve for the adverse effect
and the underlying molecular perturbation would be expected to be steep, with an
inflection at the dose where the maternal homeostasis was overwhelmed.

SUMMARY

This chapter has defined developmental toxicity risk assessment and out-
lined issues that regulators face as they strive to protect the human population
from chemically induced birth defects. Each section also identified limitations in
the current knowledge and methodologies. Biomarkers for developmental toxic-
ity are also discussed. They hold great potential for epidemiological analysis of
developmental defects, especially those defects due to complex gene-environ-
ment interactions. The information presented in this chapter, and in the next
chapter on mechanisms of developmental toxicants (Chapter 4), will be used to
define the current state of developmental toxicology and will provide a context
for how advances in developmental biology and genomics can improve the ap-
proaches for protecting public health.
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Mechanisms of Developmental Toxicity

This chapter presents a historical perspective of the field of developmental
toxicology and then an analysis of various mechanisms by which agents cause
developmental toxicity, as currently understood by developmental toxicologists.
The chapter was prepared in response to the first charge to the committee to
evaluate the evidence supporting hypothesized mechanisms of developmental
toxicity.

HISTORY OF DEVELOPMENTAL TOXICOLOGY:
GROWTH OF A NEW FIELD

Teratology, the study of abnormal development, has a long history, much of
which is shared with developmental biology. Progress in experimentally deter-
mining the causes of abnormal development began in earnest in the nineteenth
century and continued through the first half of the twentieth century. By then it
was recognized that genetic, nutritional (e.g., cretinism), infectious (e.g., con-
genital rubella syndrome), and chemical factors caused congenital anomalies in
humans and that such manifestations of perturbed development could also be
experimentally elicited in various animal systems.

Much of the early research into chemical causes of abnormal development
used the same animal models and approaches that were in common use in experi-
mental developmental biology. For example, Dareste elucidated the concept of
critical periods of susceptibility by treating chick embryos at various develop-
mental stages with hypoxia, which was induced by coating various fractions of
the egg’s surface with wax (Dareste 1877, as cited in Wilson and Fraser 1977).
The author concluded that the developmental stage during which treatment oc-
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curred is the critical factor in determining which organ was affected. The concept
of developmental phase specificity and other core principles of experimental de-
velopmental toxicology grew out of that early work. Knowledge about normal
developmental processes was applied to understand abnormal development, the
pathogenesis resulting in malformations. In the course of such investigations,
various chemical and physical insults were used to perturb development to eluci-
date the underlying normal processes.

In the 1950s, approximately at the time when basic scientific research in
normal and abnormal embryo development was expanding, phocomelia and
amelia of the arms and legs, two very rare manifestations of human limb defects,
occurred in infants born in several European countries and Australia. Indepen-
dently and almost simultaneously, two alert physicians, one in Australia and one
in Germany, concluded that the sudden increase in those defects was attributable
to treatment with the pharmaceutical thalidomide early in the pregnancies of the
mothers of the affected babies (McBride 1961; Lenz 1961; Lenz and Knapp 1962).
Until that time, thalidomide was thought to be a “nontoxic” sedative/hypnotic.
The removal of thalidomide from the international market brought the phocome-
lia epidemic to an end. By various estimates, 7,000 to 10,000 babies were af-
fected. Animal studies later confirmed that thalidomide has toxicological proper-
ties that affect development in some species (for reviews, see Neubert and Neubert
1997 and Stephens 1988).

Mass media coverage of the thalidomide tragedy brought the field of devel-
opmental toxicology to the attention of the public. For the first time, it was
tragically demonstrated that a chemical agent had the potential to profoundly
affect human development. Responsible scientists and members of the regula-
tory community recognized that developmental toxicity might not be unique to
thalidomide. It was soon realized that the toxicity testing methods for pharma-
ceutical products in use at that time were focused primarily on the adult and were
inadequate to predict the response or susceptibility of the embryo or fetus. An ad
hoc committee of scientists, including many of the charter members of the Tera-
tology Society, was assembled by the U.S. Food and Drug Administration (FDA)
to develop guidelines for assessing the hazard potential of new therapeutic agents
for developmental toxicity. Other regulatory agencies in the United States and
around the world have since adopted similar guidelines, which are applied not
only to pharmaceuticals but to all classes of chemicals with significant human
exposure potential.

The recognition that environmental factors, whether chemical, physical, or
biological, could elicit malformations resulted in a new emphasis on identifying
and characterizing other agents that might cause adverse impacts. The disci-
plines of developmental biology, pharmacology, toxicology, and obstetrics and
gynecology were brought together to address these research questions. As our
ability to understand the cellular and macromolecular actions of chemicals grew,
so did the field of developmental toxicology, which increasingly focuses on un-
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derstanding the mechanisms underlying chemically induced developmental de-
fects. Perhaps the most influential review and assessment of the state of knowl-
edge published in that expansionary phase of teratology was J.G. Wilson’s land-
mark book Environment and Birth Defects (1973). To this day, Wilson’s book is
useful as a summary of the principles of teratogenesis (described below) that
were developed from the work of teratologists such as Josef Warkany, Lauri
Saxen, Robert Brent, Jan Langman, and David Smith. This time period was also
one in which numerous clinical discoveries were made of chemical agents that
produce abnormal development in humans. Fetal alcohol syndrome, undoubt-
edly already a problem since antiquity, was first recognized and described in the
scientific literature (Lemoine et al. 1968; Jones and Smith 1973; Jones et al. 1973).
Unfortunately, in spite of the intervening years and educational efforts, this syn-
drome remains all too common and is currently estimated as affecting 1.95 of
every 1,000 live births in the United States (Abel 1995). A retinoic-acid-induced
human embryopathy was described soon after Accutane (13-cis retinoic acid)
was introduced as an efficacious drug to treat severe cystic acne (Lammer et al.
1985). Anticonvulsant drugs were also recognized as associated with abnormal
development (Finnell et al. 1997a). A large body of work on the heavy metal
lead, a ubiquitous contaminant, has shown that it can produce subtle effects on
neurobehavioral development (for a review, see Bellinger 1994), emphasizing
the fact that abnormal development can manifest itself as subtle functional defi-
cits and not just structural changes. Another heavy metal, mercury, also was
identified as a human developmental toxicant after an epidemic of cerebral palsy
with microcephaly in Minamata, Japan, was associated with the ingestion of fish
contaminated with methyl mercury (Harada and Noda 1988).

PRINCIPLES OF TERATOLOGY

Prior to and shortly after the thalidomide crisis, a body of data had accumu-
lated showing that many chemical, biological, and physical agents can induce
malformations in mammalian species, such as mice, rats, rabbits, and guinea pigs.
On the basis of those accumulated data, Wilson in the 1970s formulated six prin-
ciples of teratology that have guided research in developmental toxicology to this
day (Wilson 1973). These principles are relevant to cite because they provide the
context for the specific mechanisms of toxicity considered later in the chapter.

1. “The access of adverse environmental influences to developing tissues
depends on the nature of the influences (agent).” This is to say, developmental
toxicants can be accessible to the conceptus (the embryo or fetus, plus the em-
bryo-derived extra-embryonic tissues) in two ways, directly or indirectly. Ex-
amples of the former include ionizing radiation, microwaves, and ultrasound,
which travel directly through maternal tissues without modification and then in-
teract with the conceptus. Most known developmental toxicants gain access to
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the conceptus indirectly. In the maternal body, they are subject to potential meta-
bolic alterations (e.g., biotransformations in the liver), distribution, storage, and
excretion that either enhance or diminish their potential to affect the conceptus
adversely. The net result of all these interventions is that some level of active
developmental toxicant is available to cross the placenta and eventually reaches
target sites in the conceptus. Although it is frequently assumed that the develop-
mental toxicant must reach targets in the conceptus to disrupt development, it
should be noted that adverse effects on growth and development can be mediated
indirectly through effects on accessory tissues, such as the yolk sac and placenta,
or on maternal tissues.

2. “The final manifestations of abnormal development are death, malforma-
tion, growth retardation, and functional disorder.” This principle highlights the
now well-known fact that structural malformations are not the only possible out-
come after the conceptus is exposed to a developmental toxicant. In fact, it is
now known that in many cases the outcomes are interrelated. For example, at a
relatively high dose of a developmental toxicant, the conceptus might suffer a
high level of cell death that cannot be replenished by available repair and com-
pensatory mechanisms. This, in turn could result in growth retardation if the
induced cell death is widespread, and in death of the conceptus if the cell death
compromises organ systems essential for viability of the conceptus. At lower
doses particular malformations and functional disorders might occur. Which out-
come, or combination of outcomes, will occur depends on the dose and chemical
characteristics of the developmental toxicant (discussed in the third and fifth prin-
ciple, respectively) and the developmental stage of the conceptus at the time of
exposure (discussed in the fourth principle).

3. “Manifestations of deviant development increase in degree as dosage in-
creases from the no-effect level to the totally lethal level.” Sufficient evidence
was available in the 1970s to support the relationship of dose with the incidence
of structural malformations, death, and, to a lesser degree, growth retardation.
Evidence accumulated since then extends it to functional deficits as well. It is
also important to point out that the relationship between dose and response, al-
though monotonic, does not have to be linear. It can be a steep S-shaped curve
for developmental toxicants, sometimes going from a no-effect level to maximal
effects within a doubling of the dose.

4. “Susceptibility to teratogenic agents varies with the developmental stage
at the time of exposure.” The change of susceptibility was originally published
by Wilson as a hypothetical curve in which the degree of sensitivity to develop-
mental toxicant-induced structural malformations was low during the pre-implan-
tation phase, maximal during organogenesis, and low during fetal development.
This shape of the developmental sensitivity curve reflects results from many stud-
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ies of a variety of developmental toxicants, when developmental defects are
scored at birth. The curve highlights the general conclusion that organ systems
are most susceptible to pertubation by developmental toxicants, just prior to and
during the overt phase of organ formation and differentiation, which occurs in
mammals after the period of implantation, streak formation, and streak regres-
sion.

Several caveats need to be addressed, however. First, the pre-implantation
period should not be viewed as a refractory period in terms of induced structural
malformations (Rutledge 1997; Dwivedi and Iannaccone 1998). For example,
ethylene oxide (EtO) can induce structural abnormalities in mice when adminis-
tered during pre-implantation stages of embryogenesis (Generoso et al. 1987).
Results from this study are particularly instructive because they show that agents
can induce skeletal effects when administered to the pregnant dam at the zygote
stage of development, long before skeletogenesis begins. Moreover, the spec-
trum of skeletal defects observed after exposure at the zygote stage differs from
those observed after exposure during organogenesis. The mechanisms underly-
ing that stage-specific effect of EtO on skeletal development are unknown.

The second caveat is that, although the susceptibility curve generally reflects
the reality for structural defects, it is not a good generalization for developmen-
tal-toxicant-induced death, growth retardation, or functional deficits. For ex-
ample, toxicant-induced death tends to occur most frequently at pre- and peri-
implantation stages. As many as 30% of fertilized human oocytes are estimated
to die during those early stages (see Chapter 2), and the role of developmental
toxicants in that human loss is largely unknown.

The final point to be made is that development from fertilization to birth is a
progressive process so that any adverse outcome (i.e., death, growth retardation,
malformation, or functional deficits) after exposure to developmental toxicants
will be dictated, in part, by the set of developmental processes active at the time
of exposure.

5. “Teratogenic agents act through specific mechanisms on developing cells
and tissues to initiate abnormal embryogenesis (pathogenesis).” Recent research
focusing on how exogenous chemicals interact with endogenous molecular tar-
gets has increased our understanding of the mechanisms of action of toxicants. A
detailed discussion on the mechanisms of action of toxicants follows this section.

6. “Susceptibility to teratogenesis depends on the genotype of the conceptus
and the mother in which this interacts with environmental factors.” This prin-
ciple was originally based on the knowledge that different species and strains of
animals respond differently to a developmental toxicant. For example, it was
already known in the 1970s that mouse embryos are unusually susceptible to the
induction of cleft palate by glucocorticoids, and other mammalian species are
resistant. Also, some mouse strains are sensitive to hyperthermia-induced neural

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9871.html

and Risk Assessment

MECHANISMS OF DEVELOPMENTAL TOXICITY 63

tube defects and others are not. The particular genotype of individual offspring in
the same mouse uterus was shown to be associated with benzo[a]pyrene-induced
birth defects (Shum et al. 1979; Nebert 1989). A more recent example is the
finding that oral clefting is more common in the offspring of mothers who smoke
and who have a variant allele of the transforming growth factor (TGF) gene. The
correlation implicates direct or indirect interactions between constituents in to-
bacco smoke and TGF, a secreted protein that binds to the epidermal-growth-
factor receptor and is known to be expressed in palatal epithelium before and
during palatal closure (Hwang et al. 1995; see Chapter 5). Examples such as
these, together with a wealth of data indicating that many developmental defects
of unknown etiology exhibit a multifactorial pattern of inheritance, have led to
the conclusion that gene-gene and gene-environment interactions play a signifi-
cant role in the etiology of many developmental defects.

MECHANISMS OF TOXICITY

An understanding of how exposure to a toxicant can result in an adverse
developmental outcome is needed to develop intervention and preventive public
health practices. Risk assessors seek to obtain mechanism-based toxicity results
from animal tests in order to make justifiable extrapolations to humans. The
process by which a toxicant can produce dysmorphogenesis, growth retardation,
lethality, and functional alterations commonly is referred to as the “mechanism”
by which developmental toxicity is produced. In general, it has been difficult to
analyze mechanisms in sufficient detail and depth for risk assessment purposes.
There are four reasons.

1. Normal development is extremely complex, and it is possible that there is
a myriad of points at which a toxicant might interact with an important molecular
component and cause developmental toxicity. Information about molecular com-
ponents and processes of development has only been available in the past few
years, largely through the study of developmental mutants of invertebrate model
organisms, such as Drosophila and Caenorhabditis elegans. As highlighted by
Wilson’s principles, an understanding of mechanisms would be greatly enhanced
by identifying critical key events altered by toxicants. Recent advances in re-
search on signaling pathways and genetic regulatory circuits in development
might have identified especially critical processes, ones that, if studied for their
alteration by developmental toxicants, might provide exciting new clues for
mechanistic investigations (see discussion in Chapters 6 and 7). For now, such
insights are available in only a few cases, such as toxicant interactions with com-
ponents of the nuclear hormone-receptor family of signal receptors and gene regu-
lators.

2. Environmental toxicants include a wide range of chemical, physical, and
biological agents that initiate a wide variety of mechanisms. Some agents are
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specific for one or a few targets in the development or physiology of the concep-
tus, and others have a broad effect on many targets at different times and places in
the conceptus and mother. Thus, the developmental toxicologist who focuses on
these agents is probably faced with a wide variety of mechanisms.

3. Some toxicants might affect only a fraction of individuals in the popula-
tion, probably because of genetic differences or differences in health history (dis-
eases, nutrition, or other exposures). The differences add considerable complex-
ity.

4. A mechanistic understanding of developmental toxicity involves under-
standing at several levels of biological organization. Once a toxicant interacts
with a molecular component of the cell, it presumably affects its immediate func-
tion, so the function and alteration must be known. Then, the consequence for the
altered function for the completion of a developmental process must be known.
For example, in order to link specific branchiofacial defects with the action of a
suspected toxicant, it is necessary to characterize the migratory events, prolifera-
tion control processes, and patterns of differentiation-promoting signal systems
that affect neural crest cells from the time of their emigration from the neural
tube. Other kinds of toxicants might alter specialized functions of organs of the
fetus (e.g., the heart) and thus manifest impacts at the organ level. Yet other
toxicants might cause cell death in the conceptus at a variety of times and loca-
tions and have multiple impacts.

A developmental toxicologist must understand the potential action of toxi-
cants at many levels of biological organization to understand the overall pro-
cesses of developmental toxicity (Faustman et al. 1997). Recognizing this di-
lemma, the U.S. Environmental Protection Agency (EPA) and the International
Programme on Chemical Safety (IPCS) have defined chemical “modes of action”
in addition to “mechanisms.” Modes of action are described in the proposed EPA
Guidelines for Carcinogen Risk Assessment (1996b), and in the IPCS guidelines
for international applications (IPCS Workshop on Developing a Conceptual
Framework for Cancer Risk Assessment, 16-18 February 1999, Lyon, France).
In these definitions, ““. . . mechanism is taken to infer detailed molecular knowl-
edge of the initial events that result in an adverse response in the organism,
whereas “mode of action” refers to the cascade of major changes that occurs
during the development of the adverse event.” Mode of action is contrasted to
mechanism of action in that the latter usually implies a more detailed understand-
ing of molecular and cellular events than the former. Furthermore, the altered
process by which the initial molecular interactions lead to a structural or func-
tional deficit is called pathogenesis. Pathogenesis can involve altered pathology
at the cellular, tissue, and organ functional level.

To preserve the full range of causes and effects relevant to risk assessment of
human developmental toxicity, the committee has sought to use “mechanism of
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action” in the most inclusive sense, to include all events from initial molecular
interactions to the developmental defect itself. Such an explanation would in-
clude the following types of mechanistic information:

» The toxicant’s kinetics and means of absorption, distribution, metabo-
lism, and excretion within the mother and conceptus.

 Its interaction (or those of a metabolite derived from it) with specific mo-
lecular components of cellular or developmental processes in the conceptus or
with maternal or extraembryonic components of processes supporting develop-
ment.

» The consequences of the interactions on the function of the components in
a cellular or developmental process.

» The consequences of the altered process on a developmental outcome,
namely, the generation of a defect.

In Chapter 8, the committee discusses “levels of information” needed to un-
derstand inclusive mechanisms. The information is obtainable from various
model systems (including in vitro and cell culture, nonmammalian animals, and
mammals). Hypotheses about toxicant action in humans, based on the informa-
tion from animal models, can then be strengthened or dismissed using informa-
tion obtained from various levels of human data.

General Kinds of Initial Interactions of Toxicants with Cellular Molecules

Receptor-Ligand Interactions

Some chemicals interact directly with endogenous receptors for hormones,
growth factors, cell-signaling molecules, and other endogenous compounds. They
can activate the receptor inappropriately (agonists), inhibit the ability of the en-
dogenous ligand to bind the receptor (antagonists), act in a way that activates the
receptor but produces a less than maximal response (partial agonist), or act in a
way that causes a decrease from the normal baseline in an activity under the
control of the receptor (negative agonist). Receptors can be broadly classified as
cytosolic/nuclear or membrane bound. Cytosolic/nuclear receptors reside within
the cell and have ligands that are small and generally hydrophobic so that they
can pass easily through the cell membrane. After the ligand binds to these recep-
tors, the complex translocates to the nucleus where it interacts directly with spe-
cific sequences of DNA to activate or inactivate the expression of specific genes.
Examples of cytosolic receptors are the estrogen receptors (ERa,ERb,ERR),
retinoic acid receptors (RAR and RXR), and aryl hydrocarbon receptor (AHR).
Agents that interact with one or more of these receptors and are known to produce
abnormal development include retinoic acid and synthetic retinoids, glucocorti-
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coids, androgens, and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). A detailed
description of what is currently known about the mechanisms by which retinoic
acid and TCDD perturb development can be found below. Table 4-1 describes
several cytosolic receptors (in this case, nuclear hormone receptors) that are in-
volved in receptor-mediated developmental toxicity.

Membrane receptors (i.e., trans-membrane proteins) are diverse and interact
with a wide variety of molecules, from small molecules, such as glutamate and
acetylcholine, and small proteins, such as insulin, to large proteins, such as Wing-
less-Int (WNT), Sonic Hedgehog (SHH), TGFp, and Delta signals (discussed in
Chapter 6). Signaling molecules interact with a portion of the receptor on the
cell’s exterior. The binding of a ligand to a membrane receptor leads to a cascade
of events within the cell membrane and cell known as signal transduction, which
often involves five or more steps, including second messengers (intracellular sig-
naling compounds) (described further in Chapter 6). It is conceivable that toxi-
cants could affect any of these steps. For example, toxicants could interfere with
receptor interactions or alter the activity of intermediates of the signal-transduc-
tion cascade. The number of agents known to exert developmental toxicity via
interaction with membrane receptors is smaller than that for cytosolic receptors.
Several membrane receptors—the Hedgehog receptor Patched, endothelin recep-
tors A and B, and the cation channel delayed-rectifying Ikr—are known to play a
role in mediating developmental toxicity and are highlighted in Table 4-1.

Despite the few examples of toxicant interactions with membrane receptors,
the mechanism might be important in understanding how certain chemicals dis-
rupt development. Most normal developmental processes involve cell-cell sig-
naling and are mediated by trans-membrane receptors, including inductions, cell-
matrix interactions, cell proliferation, cell movement, and autocrine and paracrine
effects. The potential is great, therefore, that these mechanisms are significant in
developmental toxicity.

Covalent Binding

Covalent binding occurs when the exogenous molecule chemically reacts
with an endogenous molecule (e.g., forming a DNA or protein adduct). Among
the kinds of reactive chemicals are aldehydes, epoxides, quinonimines, free radi-
cals, acylating agents, and alkylating agents. Exposure to these chemicals might
then result in abnormal transcription or replication of DNA, or abnormal function
of the adducted protein. Phosphoramide mustard, a reactive metabolite of cyclo-
phosphamide, is an example of a developmental toxicant that forms DNA ad-
ducts (alkylation) in embryos (Cushnir et al. 1990). Many chemicals that are not
initially reactive are converted by DMEs (e.g., cytochromes P450) to “potenti-
ated” reactive derivatives. An example of a developmental toxicant that forms
both DNA and protein adducts in embryos is diphenylhydantoin, whose mecha-
nism is described below.
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Peroxidation of Lipids and Proteins

Some chemicals exist as free radicals or generate free radicals during their
metabolism. Free radicals are highly reactive and will oxidize proteins or lipids,
changing their structure. The developmental toxicity of hydroxyurea is at least
partially mediated by free radicals (DeSesso 1979; DeSesso and Goeringer 1990;
DeSesso et al. 1994) and that of niridazole appears to be entirely mediated by
radical production (Barber and Fantel 1993). Physical agents such as ionizing
radiation also produce this type of oxidative damage, as does the body itself dur-
ing reperfusion after an ischemic episode. See recent reviews by Fantel (1996)
and Wells and Winn (1996) for a more detailed discussion on this topic.

Interference with Sulfhydryl Groups

Sulfhydryl groups often play an important role in maintaining the tertiary
structure and, therefore, the biological activity of proteins, especially in the disul-
fide linkages of secreted proteins. In some proteins, sulfhydryl groups are func-
tional groups of the active (catalytic) site. Metals like mercury and cadmium are
examples of developmental toxicants that cause oxidative stress and bind strongly
to sulfhydryl groups and interfere with function (see reviews by Clarkson 1993;
Stohs and Bagchi 1995; Quig 1998). The mechanism of one form of mercury,
methylmercury, toxicity is described in detail below.

Inhibition of Protein Function

This is a broad category. Protein function occurs at catalytic sites (catalysis),
regulatory sites (regulation of protein activity), macromolecule binding sites (such
as specific DNA binding), or protein-protein association sites (as in aggregation
of ribosomal proteins).

Some agents interfere with enzymes whose catalytic function is important in
development, somewhat similar to an antagonist binding to a receptor. For ex-
ample, methotrexate, a cancer chemotherapeutic agent mimics a substrate of
dihydrofolate reductase, and its inhibitory binding results in a functional folate
deficiency, which is developmentally adverse (DeSesso and Goeringer 1991,
1992). The mechanism is described in more detail below. Angiotensin-convert-
ing-enzyme (ACE) inhibitors are another example of agents that interfere with
development by blocking enzyme action. These drugs block the conversion of
angiotensin I to angiotensin II. Angiotensin II is a potent vasoconstrictive agent
controlling blood pressure in adults. In the human fetus and neonate, it is needed
to maintain renal perfusion and glomerular filtration. When angiotensin II levels
are reduced in the fetus, glomerular filtration pressure and urine production are
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reduced, causing fetal hypotension and oligohydramnios (reduced volume of
amniotic fluid). Those primary mechanisms lead to fetal death and stillbirth,
middle- to late-trimester onset of oligohydramnios, and intrauterine growth re-
striction followed by delivery of infants with hypotension and renal failure (Barr
1997).

Other chemicals block protein polymerization, such as colchicine and
colcimid blocking tubulin polymerization to microtubules or cytochalasins block-
ing actin aggregation to microfilaments. Those drugs bind to protein-protein
association sites. There are examples of chemicals also binding at other kinds of
sites. All fit the geometry and weak bonding properties of the site and competi-
tively interfere with the binding of the normal cell component (substrate or
ligand). Chelators of essential elements may interfere with protein function by
limiting the availability of metal co-factors. Examples of proteins that require
metals to function are metalloproteinases and several other enzymes, and zinc-
finger transcription factors.

Maternally Mediated Effects

All the mechanisms discussed above occur within the embryo. However,
there are examples in which developmental toxicity is the consequence of toxic-
ity in the mother. Effects on the embryo occur secondarily, as a result of some
effect on the pregnant mother. Effects include chemically induced maternal hy-
poxia or secondary nutritional deficiencies. An example of the former is the case
of diflunisal (5-(2,4-difluorophenyl) salicylic acid, a nonsteroidal anti-inflamma-
tory drug), which causes hemolytic anemia in pregnant rabbits. The anemia leads
to adverse developmental effects (Clark et al. 1984). An example of secondary
nutritional deficiencies is the functional zinc deficiency brought about by sub-
stantial induction of metallothionein in maternal liver as part of a systemic acute-
phase response to a wide array of chemicals that have little in common other than
their capacity to induce an acute-phase response, including de novo expression of
metallothionein in the liver (Daston and Lehman-McKeeman 1996). The events
that take place within the embryo after toxicant-induced zinc deficiency are
equivalent to those occurring during dietary deficiency, but the salient point for
developmental toxicology and risk assessment is the recognition that maternal
factors might contribute substantially to embryonic response.

Other Mechanistic Considerations

There are other mechanisms that might be found to affect development.
These might include such events as DNA intercalation, interaction with as yet
unidentified targets, or complicated interactions that involve multiple changes,
each of which is necessary—but not by itself sufficient—to initiate a pathoge-
netic cascade.
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General Kinds of Pathogenesis

Once the toxicant has interacted with an endogenous molecule, the function
of the endogenous molecule will be altered to an extent depending on the dose
and duration. In the developing embryo, the function of the endogenous molecule
can be seen as having a cellular and a developmental role, simply because the
embryo is composed of cells whose activities are directed to a developmental
outcome. From the current knowledge of cell biology, various general classes of
function can be cited as susceptible to alteration. Any of these might be affected
as part of a toxicant-induced pathogenic process. The classes of function include
altered

* gene expression,

» patterns of apoptosis (programmed cell death),

« replication, cell cycle, cell proliferation,

» secretion, endocytosis, uptake, migration, adhesion, and
« signal transduction.

Certain chemicals might affect more than one of these processes. There is mecha-
nistic value in knowing which of these cell biological processes is affected.

All cells of all stages of development engage in the cell activities listed above.
For an understanding of developmental consequences, however, more specific
information is needed about which particular molecular components of which
particular processes of development are affected. Some cell biological effects,
such as failed cell proliferation or failed cell migration, might be several steps
removed from the initial effect of the toxicant and several steps from the final
effect of the altered cell behavior on development (e.g., a craniofacial defect).
The challenge in recent years has been to identify particular molecular compo-
nents of cellular and developmental processes, discern their activities, and under-
stand the toxicant-caused alteration of activity. The recent information from cell
and developmental biology has been essential for the progress in the understand-
ing of mechanisms of toxicity.

Known Mechanistic Information on Selected Chemicals

The remainder of this chapter reviews the current hypotheses of mechanisms
by which chemicals are thought to cause developmental toxicity. Eleven chemi-
cals, listed alphabetically, are used to illustrate different mechanisms. For some
chemicals, a great deal of evidence has been gathered supporting certain aspects
of the mechanisms. For others, data are sparse and the understanding of the
mechanism is incomplete. Experimental approaches used to study mechanisms
of developmental toxicity are highlighted. In the near future, these approaches
can be used in conjunction with new approaches from developmental biology and
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genetics to elucidate further the mechanisms by which chemicals cause develop-
mental toxicity.

Class Il Antiarrhythmic Drugs

An example of a chemical interaction with a membrane receptor that leads to
adverse developmental outcome is the case of class III antiarrhythmic drugs, such
as dofetilide and almokalant. In rat embryos, these drugs block specific potas-
sium channels in myocardial cells, presumably by high-affinity interactions with
adrenergic or muscarinic receptors. This action on potassium flux leads to a
profound bradycardia, which in turn progresses to malformations (probably
through hypoxia in the affected structures) or death in utero (Webster et al. 1996).
This example also illustrates the process of pathogenesis, as the molecular inter-
action produces an effect on embryonal organ function, which in turn affects the
further development and viability of the embryo.

Cyclopamine

Binns et al. (1963) reported that an epidemic of cyclopia with associated
holoprosencephaly in sheep was caused by teratogenic compounds present in the
subalpine lily, Veratrum californicum. Subsequent work by Keeler and Binns
(1968) showed that the active teratogenic agents in this plant were cyclopamine,
its glycoside alkaloid X, jervine, and veratosine. Of these teratogenic agents,
cyclopamine and jervine are the most active. In addition, it was noted that these
two compounds closely resemble cholesterol in structure. In an early study, Roux
and Aubry (1966) showed that alterations in cholesterol metabolism induced by
AY-9944, an inhibitor of the final step in cholesterol synthesis, induced
holoprosencephaly in rats. Almost 30 years then passed before additional in-
sights were gained into the teratogenic mechanism of cyclopamine-induced
holoprosencephaly.

In the 1990s, new data from several unrelated fields converged to suggest
that cyclopamine-induced holoprosencephaly was caused by interference with
cholesterol metabolism and SHH signaling. First, SHH is synthesized as a pre-
cursor that must be cleaved and covalently linked with cholesterol to be active
(Roelink et al. 1995; Porter et al. 1996). Second, SHH is necessary and sufficient
for patterning the ventral neural tube (Tanabe and Jessell 1996). Third, mutations
in SHH were shown to cause holoprosencephaly in mice (Chiang et al. 1996).
Fourth, holoprosencephaly associated with Smith-Lemli-Opitz syndrome results
from a genetic decrease in A7-DHC (A7-dehydrocholesterol) reductase activity
(Kelley et al. 1996; Tint et al. 1994). These discoveries, coupled with earlier
studies linking cylopamine to holoprosencephaly, led to the hypothesis that
cyclopamine causes holoprosencephaly by interfering with SHH signaling. Di-
rect confirmation of this hypothesis came in 1998 from two independent labora-
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tories (Cooper et al. 1998; Incardona et al. 1998). Although many of the mecha-
nistic details are lacking, both groups showed that cyclopamine inhibits SHH
signaling.

Diethylstilbesterol (DES)

DES was prescribed from the 1940s to the 1970s to prevent pregnancy loss.
DES was found to be a transplacental carcinogen and teratogen (affecting the
hypothalamo-hypophysial axis and reproductive organs) in humans approxi-
mately 25 years after its introduction into women’s health care (Herbst et al.
1971; Herbst 1981; Kaufman et al. 1980; Goldberg and Falcone 1999). Even
more time passed before it was demonstrated to be a transplacental carcinogen in
the mouse (McLachlan et al. 1980; C. Miller et al. 1998; Walker and Haven
1997), rat (Baggs et al. 1991; Henry and Miller 1986), and hamster (Khan et al.
1998).

Mechanistically, DES has produced a rich field for investigating mechanisms
of teratogenic and carcinogenic action. Such animal and human observations
place DES among the agents that can modify not only the estrogen receptor activ-
ity but also expression of uterine lactoferrin through signal transduction mecha-
nisms (Newbold et al. 1997). More recent evidence has implicated chromosomes
3 and 6 as sites for gene control resulting in not only carcinogenesis but also
teratogenesis (Hanselaar et al. 1997).

Recent investigations have coupled the effects of DES in the developing
mouse female reproductive tract with downregulation of WNT7A, resulting in
abnormal smooth-muscle proliferation (C. Miller et al. 1998). WNT7A is nor-
mally expressed in the luminal epithelium of the uterus. Following DES expo-
sure in utero, low levels of WNT7A transcripts were detected at birth. Such
alterations in the reproductive tract following DES exposure are consistent with
knockout mice lacking Wnt7a having malformed female reproductive tracts
(Miller and Sassoon 1998).

All of these investigations implicate the role of gene control and modifica-
tion by estrogenic agents that might be more effective not only because of their
estrogenic properties but also because of their pharmacokinetics and metabolism
(Miller et al. 1982; Henry et al. 1984; Henry and Miller 1986). Thus, in the
human, further questions are being raised about the gene-environment interac-
tions based on the collection of experience with the use of DES during pregnancy
(Hanselaar et al. 1997).

Diphenylhydantoin

Diphenylhydantoin (DPH; common name, phenytoin) is an anticonvulsant
used to treat epilepsy. It produces abnormal development in fetuses whose moth-
ers take the drug during pregnancy. Abnormalities include facial dysmorphism
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(epicanthal folds, hypertelorism, broad, flat bridge of the nose, upturned tip of
nose, and prominent lips), distal digital hypoplasia, intrauterine growth retarda-
tion, and mental retardation. This cluster of defects has been termed the fetal
hydantoin syndrome and occurs in about 11-17% of pregnancies in which the
mother has taken the drug (Hanson et al. 1976; van Dyke et al. 1988).

It appears necessary for DPH to be metabolized by cytochrome P450 (CYP)
enzymes to reactive intermediates that form adducts with DNA or protein within
the embryo (for a review, see Wells et al. 1997). The most likely intermediate is
an arene oxide. An alternative hypothesis suggests that DPH is metabolized by
prostaglandin synthetase to a teratogenic intermediate. This hypothesis is sup-
ported by the observation that DPH teratogenicity in mice can be mitigated by
cotreatment with aspirin, an inhibitor of prostaglandin synthetase (Wells et al.
1989). It has been observed that DPH treatment in rodents decreases the expres-
sion of the mRNAs for a number of important growth factors, including TGFp,
NT3 and WNT1 (Musselman et al. 1994). Whether the decrease is due to an
effect on gene expression or a degradation of RNA by reactive intermediates of
DPH is not known.

Methotrexate

Methotrexate is a cancer chemotherapeutic drug. It is a competitive inhibitor
of dihydrofolate reductase, which converts folate to tetrahydrofolate. Tetrahydro-
folate is then metabolized to various coenzymes that play a role in the synthesis
of purines and amino acids and conversion of deoxyuridylate to thymidylate.
Exposure of rabbits to methotrexate during gestation causes craniofacial defects,
limb deformities, and decreased fetal weight in the offspring (DeSesso and
Goeringer 1991, 1992). Similar defects have been observed clinically in babies
of mothers who had been given methotrexate between 35 and 50 days of gestation
(Milunsky et al. 1968; Warkany 1978). Using a metabolic derivative of folinic
acid, the authors (DeSesso and Goeringer 1991, 1992) demonstrated that meth-
otrexate causes developmental toxicity by inhibition of dihydrofolate reductase.
The metabolic derivative replaced the normal product of the inhibited enzyme
and eradicated the developmental toxicity.

Methylmercury

Methylmercury (MeHg) is an environmental toxicant that primarily affects
the central nervous system (CNS) and, to a lesser extent, the liver and kidneys.
To reach the brain, it must cross the blood-brain barrier by traversing the brain
capillary endothelial cells. MeHg possesses a high affinity for thiol groups and
will bind to endogenous sulthydryl-containing ligands, such as proteins, and
low-molecular-weight compounds, such as glutathione, found in blood and tis-
sue (for a review, see Clarkson 1993). Hirayama (1980, 1985) reported that
intravenous injection of MeHg chloride and cysteine in rats increased the rate of
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MeHg uptake into brain tissue, an effect that was reversed by administration of a
neutral amino acid. The author concluded that MeHg was transported across the
blood-brain barrier by an amino acid carrier. Subsequent studies by Kerper et al.
(1992, 1996) and Mokrzan et al. (1995) showed that the amino acid carrier is an
L (leucine-preferring) amino acid transporter and that MeHg is released from the
brain capillary endothelial cells into the brain interstitial space as a glutathione
complex.

The brains of both humans and experimental animals (rodents and primates)
exposed in utero to MeHg show changes in neuronal migration and distribution
patterns, cell loss, low neuronal abundance, and microcephaly, changes consis-
tent with effects on the microtubular cytoskeleton and inhibition of cell-cycle
progression (Burbacher et al. 1990). The effects of MeHg on mitotic activity and
mitotic spindle function both in vivo and in cell culture have been characterized
(Imura et al. 1980; Rodier et al. 1984; Brown et al. 1988; Wasteneys et al. 1988).
It has been shown that MeHg directly binds to tubulin and inhibits microtubule
formation (Vogel et al. 1986). Ponce et al. (1994) conducted in vitro studies
using primary embryo neuronal cells to characterize MeHg’s effect on cell cy-
cling and its role in developmental toxicity. Exposure at concentrations of 2 uM
MeHg causes G2/M phase cell-cycle inhibition, and at 4 uM, all cell-cycle phases
are inhibited, suggesting that the cytoskeleton and mitotic spindles might be par-
ticularly sensitive to MeHg.

Two recent studies have further characterized steps in the mechanism by
which MeHg affects the cell cycle in embryos. Ou et al. (1997) used primary
rodent embryonic neuronal cells to determine mRNA expression levels of two
genes involved in a checkpoint pathway of cell-cycle arrest, Gadd45 and
Gaddl53, in response to MeHg. Exposure at 2 uM caused both GADD45 and
GADD153 mRNA levels to increase. The authors concluded that activation of
these Gadd genes could be a mechanism by which MeHg causes cell-cycle arrest
in embryos. The same laboratory investigated the involvement of p2/ (a cell-
cycle regulatory gene of a checkpoint pathway of arrest of G1 and G2 phases of
the cell cycle) in primary embryonic cells exposed to MeHg (Ou et al. 1999). The
embryonic cells responded to MeHg exposure with a concentration-dependent
increase in p21 mRNA, indicating that activation of cell-cycle regulatory genes
could be one mechanism by which MeHg disrupts the cell cycle in embryos.

Retinoic Acid

Vitamin A (retinol) and the structurally related retinoids have a special place
in developmental toxicology, both currently and historically. Nutritional defi-
ciency of vitamin A was the first chemical manipulation to produce congenital
malformations in a mammal (Hale 1933) and thus began the whole field of ex-
perimental mammalian teratology. Now, the biologically active metabolites of
vitamin A, the retinoic acids (RAs), and their synthetic derivatives have become
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the most thoroughly studied of all teratogens. Because natural retinoids are sig-
naling molecules, critical to many developmental processes, exogenous retinoids
or vitamin A deficiencies are teratogenic in all animals studied, including humans
(for review, see Collins and Mao 1999).

In higher animals, vitamin A is an essential vitamin, requiring absorption
from the diet or synthesis from dietary retinyl esters, B-carotene, or other caro-
tenoids. The all-frans form of retinol is most abundant, but there are a number of
isomers, which generate the corresponding active retinoid isomers, including 9-
cis and 11-cis, following metabolism. The absorption and distribution of retinol
involves serum (RBP) and cellular (CRBP-I and CRBP-II) binding proteins. A
number of enzymes are capable of converting retinol to retinoic acid, including
CYP monooxygenases, alcohol dehydrogenases, and aldehyde dehydrogenases.
Mutation of the mouse NAD-dependent retinaldehyde dehydrogenase-2 (ALDH2)
(Niederreither et al. 1999) causes severe developmental defects, a result that
shows this enzyme to be essential for embryonic RA synthesis. Further metabo-
lism of RA is complex, involving multiple oxidation and conjugation pathways,
some also CYP dependent (e.g., CYP26) (Kraft and Juchua 1993; Kraft et al.
1993; Nau et al. 1994; Trofimova-Griffin et al. 2000). Cellular binding proteins
(CRABP-I and -II) are thought to influence intracellular levels of RA, but their
exact role is unclear. The mouse knockout of CRABP-I is without phenotype,
and CRABP-II null mice have polydactyly (Lampron et al. 1995). This pheno-
type is also the phenotype of the double-knockout mice, which do not, however,
differ from wild-type animals in sensitivity to RA teratogenicity (Lampron et al.
1995).

Although there are some strain and species variations in developmental sen-
sitivity and responses to exogenous retinoids, they are usually not profound. The
effective oral dose of all-frans-RA in all mammals tested is broadly similar. In
contrast, the potency of 13-cis-RA varies by two orders of magnitude. The expla-
nation for this difference lies in species differences in metabolism, coupled with
metabolite-specific placental transfer (see Collins and Mao 1999), and is a good
illustration of the importance of toxicokinetics.

Some of the dysmorphogenic effects of retinoids are very well conserved
across species. For example, RA-induced truncation of the forebrain, with
posteriorization in the hindbrain, has been observed in mammals, birds, amphibia,
and fish. In addition to CNS and craniofacial malformations, RA also affects the
limbs, cardiovascular system, gut, and thymus; the predominant defects depend
upon the phase of organogenesis exposed (Collins and Mao 1999). In mice,
preorganogenesis RA treatment around the time of implantation induces body
axis duplication and supernumerary limbs (Rutledge et al. 1994), whereas fetal
exposures can cause functional and behavioral abnormalities (Nolen 1986). Hu-
man exposure to the pharmaceutical retinoids 13-cis-RA (isotretinoin) or
etretinate predominantly affect CNS and cranial neural-crest development
(Coberly et al. 1996).
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A large number of whole-animal and in vitro studies have characterized the
relationships between structure and developmental toxicity of retinoids. As for
any chemical, the in vivo potency results from a combination of pharmacokinetic
and pharmacodynamic properties. These studies suggest that the teratogenicity
of retinoids is receptor-mediated, but there are other possibilities (see below).
The structural requirements for teratogenicity have been reviewed (Willhite et al.
1989; Collins and Mao 1999) and show a wide diversity in the polyene side-chain
and B-cyclogeranylidene ring modifications that still retain activity, although an
acidic polar terminus appears indispensable. Some aromatic retinoids
(arotinoids), such as TTNPB, are 1,000-fold more potent in vivo teratogens than
RA. This potency appears to be due predominantly to slower elimination and
reduced affinity for CRABPs (Pignatello et al. 1999). Another aromatic retinoid,
etretinate, has a very long half-life in humans after multiple exposures, with mea-
surable concentrations in serum 2 years after cessation of intake, probably be-
cause of storage and slow release from adipose tissue (Eisenhardt and Bickel
1994). Experimental studies show that the critical pharmacokinetic characteristic
for retinoid teratogenicity is the area under the curve (AUC) (Tzimas et al. 1997),
rather than a transient high dose.

The receptors for retinoids are of the nuclear hormone ligand-dependent tran-
scription-factor superfamily (Nuclear Receptors Committee 1999). They are of
two types: RARs (subclass NR1B) and RXRs (subclass NR2B) (see Chambon
1996). For each type, there are three receptors, o, B, and Y (NRIB1, -2, and -3
and NR2B1, -2, and -3), each encoded by a separate gene. For all these genes,
with the exception of RXR, multiple isoforms have been detected (e.g., NR1B2a,
-b, -c, -d), generated by differential promoter usage and alternative splicing. Most
of the embryonic effects of retinoids seem to be mediated by RAR-RXR
heterodimers, but RXRs can form homodimers and can also form heterodimers
with a number of other nuclear receptors, the most important being those for
thyroid hormones and for peroxisome proliferators (Mangelsdorf and Evans
1995). Several isomers of RA are agonists for RARs, including all-trans-RA, 9-
cis-RA, 4-oxo-RA, and 3,4-didehydro-RA, and 9-cis-RA seems to be the pre-
dominant RXR agonist (Collins and Mao 1999).

Each receptor, and in some cases each isoform, has been knocked out in mice
to test for its function in development. Many combinations of knockouts have
also been generated. Loss of RARP (all isoforms), RAR 1, or RAR 2 has no
phenotypic effect (Li et al. 1993; Lohnes et al. 1993; Luo et al. 1995). In contrast,
disruption of all isoforms of RAR or RAR causes many of the effects of vitamin
A deficiency, including growth deficiencies and male sterility (Lohnes et al. 1993;
Lufkin et al. 1993). Compound RAR null mice display all the malformations
induced by vitamin A deficiency, including defects of the eyes, limbs, and heart
and the craniofacial, urogenital, and reproductive systems (Lohnes et al. 1994;
Mendelsohn et al. 1994). An interesting recent example is the compound
RAR-RARJ null mouse, which causes syndactyly and demonstrates a role of RA
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in interdigit cell death (Dupe et al. 1999). Mice lacking RXR have a hypoplastic
ventricular myocardium and placental defects (Sucov et al. 1994; Kastner et al.
1994). Combining RAR and RXR mutants causes considerably more severe de-
fects, suggesting that normal embryonic retinoid signaling is mediated by RAR-
RXR heterodimers (Kastner et al. 1997a,b).

Null mutant mice have been used to correlate individual receptors with spe-
cific teratogenic effects of retinoids. RAR appears to be essential for the RA-
induced defects of truncation of the posterior axial skeleton and is partially re-
quired for neural-tube and craniofacial defects (Lohnes et al. 1993; Iulianella and
Lohnes 1997). In contrast, RXR is required for RA-induced limb defects (Sucov
et al. 1995). It is intriguing that in both cases the receptor is not required for
normal development of the affected tissues but does mediate the teratogenic ac-
tion, a result indicating that the receptor, when activated by exogenously added
RA, is affecting gene expression at abnormal times and places, as compared with
that done by endogenous retinoids. RARP does not appear to directly mediate
any teratogenic action of retinoids (Luo et al. 1995). Expression of a constitu-
tively active RAR mimics the action of excess RA. For example, expression of
active RAR 1 in limb causes the same limb defects as exogenous RA (Cash et al.
1997).

In general, the receptor specificity of retinoids correlates with their teratoge-
nic actions; RAR agonists are potent teratogens and RXR agonists are ineffective
and mixed agonists having intermediate activity (Kochhar et al. 1996). Although
the lack of action of RXR agonists shows that RXR homodimers are not involved
in RA teratogenicity, such ligands can potentiate some of the teratogenic effects
of RAR agonists. For example, an RXR agonist increased the effects of an RAR
agonist on some organs but not others (Elmazar et al. 1997). Comparative studies
of selective RAR, B, and agonists showed a correlation of potency with receptor
affinity and transactiviation as well as receptor-organ specificity (Elmazar et al.
1996). As expected, retinoid-receptor antagonists can reduce the developmental
effects of agonists (Elmazar et al. 1997). In addition, pan-receptor antagonists,
capable of blocking all types of retinoid receptor, reproduce the actions of vita-
min A deficiency (Kochhar et al. 1998; Chazaud et al. 1999).

Of direct relevance to this report is that the relationship between structure
and teratogenic activity of retinoids is accurately reflected in several in vitro sys-
tems. Indeed, rodent limb-bud micromass cultures have been used extensively to
screen for the activities of retinoids (e.g., Kistler and Howard 1990). In addition,
the dysmorphogenic action of the retinoids in vivo is faithfully reproduced in
mammalian whole-embryo culture, and this system has contributed much to our
current understanding of mechanism (e.g., Bechter et al. 1992; Chazaud et al.
1999).

The DNA target sequences for RAR-RXR heterodimers are termed RAREs
(retinoic acid response elements) and are usually two direct sequence repeats,
spaced by 1 to 5 bases (DR1-5), although there are other arrangements (Harmon
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et al. 1995; Chambon 1996). For example, a functional inverted repeat with zero
nucleotides in the spacer (IR0) was recently described (Lee and Wei 1999). A
large number of genes containing RAREs have now been identified, and the tran-
scription of many has been shown to be modulated by RA treatment (Chambon
1996; Collins and Mao 1999). Similarly, the expression of numerous genes has
been observed to change following embryonic RA exposure. How many of these
changes are directly controlled by RAREs and which are critical for teratogenic-
ity is largely unknown. The HOX genes, however, represent one class of func-
tionally important downstream RA targets in teratogenesis.

The homeobox-containing HOX transcription factors are involved in pat-
terning of the CNS, limbs, axial skeleton, and other organ systems, where their
expression encodes positional identity. As discussed in Chapter 6, HOX genes
are arranged on chromosomes in clusters in which the genes are colinear with
their expression domains (Duboule 1998). For example, in the early CNS and
somites, 3" HOX genes are expressed rostrally and 5’ caudally. This colinearity is
also manifest in responsiveness to RA, the induction of 3” HOX genes being more
rapid and abundant (Marshall et al. 1996). Endogenous retinoid signaling might
be responsible for the progressive expression of HOX genes in vivo. The primi-
tive (Hensen’s) node, for example, is a site of RA synthesis and might pattern the
paraxial mesoderm as it egresses through the primitive streak (Hogan et al. 1992).
Exogenous retinoids can induce ectopic, expanded, or reduced HOX expression
domains, which then establish abnormally arranged compartments of positional
identity. These abnormal compartments then result in abnormal cell fate and
morphogeneisis (Marshall et al. 1996).

There is good evidence for HOX-mediated retinoid teratogenicity in the axial
skeleton, craniofacies, and limb, but perhaps the best understood example is the
developmental effect in the hindbrain. The different HOX genes encode tran-
scription factors that control the different identities of the rhombomeres (r) of the
hindbrain. Hoxb2 has a rostral expression boundary at 12-3, Hoxb3 atr4-5, Hoxb4
at r6-7, and Hoxbl in a band at r4 (Marshall et al. 1996; Studer et al. 1996). At
early neural-plate stages in the mouse, exogenous retinoid treatment results in
rostral expansion of these domains. In some cases, the treatment results in a
transformation of r1-3 to an r4 identity with expansion of r5 (Conlon and Rossant
1992). In other cases, 12-3 is transformed into r4-5, and both the trigeminal
motor nucleus and adjacent trigeminal ganglion are transformed into structures
having a facial nucleus or ganglion appearance (Marshall et al. 1992). Analyses
of the 3" Hox genes reveal multiple RAREs that cooperate with other positive and
negative regulatory elements to regulate spatial and temporal expression of the
HOX genes (Marshall et al. 1996).

Retinoid-induced changes in HOX gene expression probably result in abnor-
mally arranged compartments of HOX expression. The misexpressed HOX gene
then activates and represses many other genes in abnormal places and thereby
initiates abnormal development. Pathogenetic changes observed in retinoid-
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treated embryos include abnormal differentiation, migration, proliferation and
apoptosis (Collins and Mao 1999). Some of these effects might not be receptor-
mediated. For example, disruption of membranes, changes in phosphorylation,
and increases in reactive oxygen species might play roles in retinoid teratogenic-
ity.

The significance of the retinoids in developmental toxicology might extend
further, because a range of chemicals likely mediate their developmental toxici-
ties by interfering with endogenous retinoid signaling. Ethanol can act as a com-
petitive inhibitor of retinol dehydrogenase activity, thus lowering retinoid syn-
thesis, and this effect might be a component of fetal alcohol effects (Duester
1991). Similar mechanisms have been proposed for the anticonvulsants pheny-
toin, phenobarbital, carbamazepine, ethosuximide, and valproic acid (Nau et al.
1995; Fex et al. 1995). Inhibition of retinoid catabolism has also been implicated.
Metabolism of retinoic acid via NADPH-dependent cytochrome P450 is inhib-
ited by azole antifungal drugs (Vanden Bossche et al. 1988; Schwartz et al. 1995),
which can induce retinoid-like craniofacial defects (Wang and Brown 1994).
None of these examples is wholly convincing, but the overall concept is plau-
sible, particularly because the retinoids are unusual as secreted signals in being
small lipophilic molecules. Because many synthetic chemicals are also small and
lipophilic, the potential for interaction might be higher than that for other pep-
tide-based signaling pathways.

TCDD (2,3,7 8-tetrachlorodibenzo-p-dioxin)

The mechanism by which TCDD induces developmental toxicity has been
studied extensively (for a review, see Wilson and Safe 1998) and is one of the
best understood. It is summarized here to provide an example of how a chemical
interacts with an endogenous cytoplasmic receptor (in this case, a basic helix-
loop-helix receptor (bHLH)) and alters the expression of several dozen genes,
one or more of which might result in an adverse developmental outcome.

TCDD, an environmental pollutant, is a byproduct of the production of chlo-
rinated products such as herbicides and wood preservatives, and is developmen-
tally toxic in many species. Exposure in utero to TCDD causes increased mortal-
ity and growth retardation, and structural and behavioral abnormalities, including
the induction of cleft palate and hydronephrosis in mice. Evidence supports the
hypothesis that TCDD binds the aryl hydrocarbon receptor (AHR), allowing the
receptor to bind with AH-responsive elements on DNA and leading to changes in
gene expression. For example, mice with wild-type high-affinity AHR exposed
to TCDD have a higher incidence of developmental abnormalities than do mice
with low-affinity receptors. (The mouse Ahr gene contains a mutation that low-
ers the affinity of the encoded protein for DNA (Chang et al. 1993; Poland et al.
1994)). Large amounts of AHR have been localized to the palatal shelves in
normal mice susceptible to the effects of TCDD (i.e., mice having high-affinity
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receptors) and much lower amounts in resistant mice (i.e., mice having low-affin-
ity receptors). Additional evidence of the relationship between TCDD and the
AHR comes from a study in which mRNA and protein levels for the AHR were
found to be decreased in TCDD-exposed mouse embryos compared with that in
control embryos (Abbott et al. 1994). Changes in gene expression of epidermal
growth factor (EGF), transforming growth factor o. (TGFa.), EGF receptor, trans-
forming growth factor B1 (TGFP1), and TGFB2 have been reported in conjunc-
tion with TCDD-induced cleft palate (Abbott et al. 1989; Abbott and Birnbaum
1990). Genetically modified AHR-deficient mice are reported to be relatively
unaffected by doses of TCDD that are 10-fold higher than the dose found to
induce toxic and pathological effects in mice expressing functional AHR
(Fernandez-Salguero et al. 1996). The results suggest that the TCDD-induced
toxic effects are mediated by AHR.

Recently, comparative experiments by Abbott et al. (1998; 1999a,b) showed
that formation of the palate, which divides the oral cavity from the nasal cavity in
mouse and human embryos, involves homologous processes at the morphologi-
cal, cellular, and molecular level. In organ culture, developing mouse and human
embryo palates respond similarly to TCDD. Exposure to the chemical causes
excessive epithelial cell proliferation, via several steps, which interferes with fu-
sion of the opposing palatal shelves. Several factors that regulate proliferation in
this fusion process have been identified, among them EGF, EGF receptor, TGFa,
TGFB1, TGFB2, and TGFP3. Expression patterns of protein and mRNA of each
of the growth factor and receptor genes were examined during palatogenesis for
mouse and human palates maintained in organ culture. The effects of TCDD
exposure on expression of those genes as well as the AHR- and the AH-receptor
nuclear translocator (ARNT) and the glucocorticoid receptor (GR), were also
defined in both species. To compare the human and mouse palatal responses to
TCDD, the induction of a dioxin-responsive gene, CYP1A1, was quantified and
compared across species. This comparison required the generation of tissue-level
concentration-response profiles across dose and time for both mouse and human
profiles. Quantification of AHR and ARNT levels revealed differences between
species in the expression levels of the effector molecules. The mouse and human
responses at the same target-tissue concentration could thus be compared, and a
sensitive molecular marker gene (CYP1A1 induction) could be correlated with
gross morphological outcomes and changes in growth-factor expression. Over-
all, the data indicate that human palates expressed all of these regulatory genes,
that responses to TCDD were detected, and that comparison between mouse and
human palates revealed interspecies variation that might be a factor in each spe-
cies’ response to TCDD.

Comparison of in vitro exposure levels between human and mouse palate
tissues have revealed profound species differences. At comparable stages of de-
velopment, human embryo palates are much less sensitive to TCDD than mouse
embryos. These studies allow the conclusion that human embryonic palatal tis-
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sue expresses much lower levels of AHR and ARNT, or has the poor affinity
AHR, and the expression and induction of CYP1A1l were lower. A situation
emerges in which approximately 350 times fewer receptors are expressed in the
human embryo than in the mouse, approximately 200 times more TCDD is re-
quired in human embryo tissue than in mouse tissue to produce the critical ef-
fects, and the response of a transcriptionally regulated gene (CYP1Al) is ap-
proximately 1,500 times lower in human embryo palates than in mouse palates
under identical exposure conditions.

Valproic Acid

Valproic acid (VPA) is an anticonvulsant drug used to treat epilepsy with the
major side-effect of hepatotoxicity. VPA is unusual in that its human teratogenic-
ity was predicted from laboratory animal studies, without any knowledge of
mechanism (Brown et al. 1980; Kao et al. 1981). In all species, including humans,
neural-tube-closure defects are a consistent component of the teratogenic effects,
but many other organ systems are affected and their sensitivity varies among
species (Kao et al. 1981; Robert 1992). The pharmacological effect of VPA
appears to involve several mechanisms, including actions on y-aminobutyric acid
(GABA) synthesis and release; the release of y-hydroxybutyric acid; attenuation
of N-methyl-D-aspartate- (NMDA) type glutamate receptors, and direct effects on
excitable membranes (Loscher 1999). The mechanisms leading to hepatotoxicity
and teratogenicity are distinct and also differ from the pharmacological mecha-
nisms. The exact mechanism of teratogenicity is unclear, but it too might be
multifaceted. Suggested actions include effects on the cytoskeleton and cell mo-
tility (Walmod et al. 1998, 1999); several aspects of zinc, folate, methionine,
homocysteine, and glutathione metabolism (Alonso-Aperte et al. 1999; Hishida
and Nau 1998; Bui et al. 1998; Finnell et al. 1997b); peroxisome proliferation-
activated receptor o interaction (Lampen et al. 1999); and gene expression
(Wlodarczyk et al. 1996). Despite the initial site of action (“receptor”) being
unknown, there is a wealth of information on structure-teratogenicity relation-
ships.

VPA is a simple short-chain carboxylic acid, 2-propylpentanoic acid. The
following features affect teratogenicity (Nau 1994): (1) A free carboxylic acid is
required. Amides, such as valpromide, are inactive (Spiegelstein et al. 1999;
Radatz et al. 1998), as are stable esters. (2) The C2 carbon must be bonded to one
hydrogen and two alkyl chains, as well as the carboxyl group. Substituting the
hydrogen with any group abolishes activity, and a single chain or unsaturated
derivatives (e.g., 2-en-VPA) are also inactive. (3) Activity is greatest when the
two alkyl chains are unbranched (Bojic et al. 1996) and contain three carbons
(Bojic et al. 1998). (4) Introducing a side-chain double or triple bond terminally
(between C3 and C4) enhances teratogenicity but, in any other position, abolishes
activity. (5) When one side-chain has a terminal unsaturation, C2 is asymmetric
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and the enantiomers have markedly different potencies. In the cases of both 4-en-
VPA and 4-yn-VPA, the S-enantiomer is more potent than the racemate and the R-
enantiomer is virtually inactive (Andrews et al. 1997, 1995; Hauck and Nau 1992).

These structure-activity relationships are not due to pharmacokinetic differ-
ences, as shown by direct measurements of tissue levels and by the activities of
VPA and analogs in embryo culture (Brown et al. 1987; Nau 1994; Andrews et al.
1997, 1995). They are also consistent across species (Andrews et al. 1997, 1995).
The overall impression is that the teratogenic effect of valproids requires an inter-
action with a specific site, at which one alkyl chain becomes located in a hydro-
phobic pocket, thus enabling ionic bonding of the carboxyl group and the interac-
tion of the second chain with a region that favors the high electron density of
terminal unsaturation (Bojic et al. 1998).

Chemicals That Might Induce Apoptosis

More than 1,000 agents have been identified as teratogens in animal studies
(Shepard 1998); moreover, a variety of studies has now shown that cell death is an
early, common event in the teratogenic process initiated by many, if not all, terato-
gens (Scott 1977; Knudsen 1997). Often, teratogen-induced cell death occurs
preferentially in areas of normal programmed cell death, suggesting that there
might be a mechanistic link between programmed and teratogen-induced cell death
(Alles and Sulik 1989). The importance of an appropriate amount of programmed
cell death to normal development is highlighted by mouse mutants, such as Ham-
mertoe, in which insufficient programmed cell death underlies abnormal limb
development (Zakeri et al. 1994). Likewise, excessive teratogen-induced cell
death is directly linked to abnormal development by the finding that 2-chloro-2’-
deoxyadenosine-induced eye defects are associated with excessive teratogen-in-
duced cell death (Wubah et al. 1996).

Recent research has shown that cell death induced by a variety of stimuli
occurs by a process termed apoptosis. Although many of the details are still
lacking, it is known that apoptosis is a tightly controlled process, triggered either
internally or externally, by which a cell self-destructs in a manner that does not
lead to destruction of neighboring cells. Key components in the execution phase
of the apoptotic pathway are the intracellular cysteinyl-aspartate proteases known
as caspases, particularly caspase-3 (Colussi and Kumar 1999). These enzymes are
normally present in all cells as inactive precursors that become activated by cleav-
age at specific internal motifs. Once activated, these caspases function to degrade
specific target substrates, such as poly(ADP-ribose)polymerase (PARP), DNA-
PKs, and lamins. A recent report shows that developmental toxicants, such as
hyperthermia, cyclophosphamide (an alkylating agent), and sodium arsenite (a
thiol oxidant), induce increased cell death characterized by activation of caspase-
3, cleavage of PARP, and fragmentation of DNA (Mirkes and Little 1998). Al-
though some of the downstream events in the apoptotic pathway activated by
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developmental toxicants are now known, upstream events that initiate and regu-
late this pathway in mammalian postimplantation embryos are unknown but oxi-
dative stress clearly plays a role (Nebert et al. 2000). In particular, it is not known
how cells in the embryo perceive exposure to a developmental toxicant and then
respond to the insult. The ability of cells to perceive a stimulus or perturbation
and then transduce these events into appropriate intracellular responses is com-
monly referred to as signal transduction. Although little is known about the inter-
action between developmental toxicants and signaling pathways in mammalian
embryos, a recent report showed that heat shock can rapidly activate the stress-
activated protein kinase pathways mediated by c-Jun terminal kinase (JNK) and
p38 (Wilson et al. 1999), as well as the unfolded protein stress pathway involving
a variety of chaperon proteins (Welch 1991; Sidrauski et al. 1998).

Chemicals That Might Induce Autism and Their Role in Understanding
the Disorder

Recent discoveries regarding mutations responsible for the genetic suscepti-
bility to autism spectrum disorders (ASDs) are an example of how studies of
developmental toxicity can lead to breakthroughs in understanding the etiology of
human birth defects, even when the defects are ones with strong genetic compo-
nents (for a review, see Rodier 2000).

ASDs are among the most common congenital anomalies, occurring at a rate
of 2-5 per 1,000 births (Bryson et al. 1988; Bryson and Smith 1998). Until re-
cently, little was known about the causes and even less about the nature of the
CNS injury underlying the symptoms. Family studies had indicated that unknown
genetic factors account for about 90% of the variance (Bailey et al. 1995), but
linkage studies provided few regions, and no genes, unambiguously linked to
autism (Myers et al. 1998; Philippe et al. 1999). The family studies suggested that
environmental factors are also involved (Le Couteur et al. 1996) but could not
identify any of those factors. In 1994, it was discovered that exposure of the
closing neural tube of the human embryo to thalidomide, a well-known teratogen,
could produce autism at a high rate (Stromland et al. 1994). Valproic acid
(Christianson et al. 1994) and ethanol (Nanson 1992) have also been implicated as
teratogens that increase the risk of autism. The critical period for induction of
autism by thalidomide was determined from the somatic defects of the patients
with autism, each of whom also had malformed ears and hearing deficits. This
stage of development—days 20-24 of gestation, which is the period of neural tube
closure—is much earlier than the periods usually considered in studies of neuro-
teratology, because only a few neurons of the brain stem form so early. Most of
these are motor neurons for cranial-nerve nuclei (Bayer et al. 1993), and cranial-
nerve dysfunctions are indeed present in the thalidomide cases. Figure 4-1 shows
a comparison of brain-stem neuroanatomy of a control and a patient with autism.

Using the information about the critical period, Rodier and colleagues were
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FIGURE 4-1 Comparison of brain-stem neuroanatomy of a control and a patient with
autism. In the brain on the right, the number of neurons in the facial nucleus is greatly
reduced, and a region caudal to it appears to be missing. The more caudal nuclei are shifted
rostrally. The missing area is similar to the embryonic fifth rhombomere, from which most
of the facial nucleus arises. Source: Adapted from Rodier et al. (1996).

able to describe alterations of the human brain stem related to autism and to
create an animal model of the initial insult using exposure to valproic acid (Rodier
et al. 1996). In addition, in cases of autism of unknown cause, they documented
the existence of minor physical anomalies that were similar to those reported in
the thalidomide-exposed cases (Rodier et al. 1997). The craniofacial symptoms
had been reported before in the autism literature, but ignored because they seemed
trivial in comparison to the disabling behavioral symptoms. However, the cran-
iofacial defects speak directly to the embryological origin of the disorder. The
anatomical studies described effects almost identical to those seen in mice with
null mutations of the gene HoxAl (Chisaka et al. 1992; Carpenter et al. 1993),
which is essential to brain-stem and ear development and expressed only during
the period of neural tube closure. No variants of HoxAI had ever been detected in
any mammalian species, but the teratological findings suggested the hypothesis
that defective versions of the gene must exist and must contribute to the genetic
etiology of autism.

Remarkably, an alternate allele of HoxAl was discovered in a substantial
number of people diagnosed with ASD (Rodier 1998). The variant allele not only
appeared significantly more frequently in familial cases than in historical con-
trols or parent controls, but the number of homozygotes was significantly re-
duced from the expected value in all groups, suggesting that homozygosity for
the variant reduces viability. (The mouse knockout of the same gene is lethal
soon after birth.) A second variant of HoxAI has since been detected in cases of
autism and is under investigation (Stodgell et al. 1999). Further, it has now been
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determined that valproic acid selectively alters the expression of Hoxal in the
embryo, providing an explanation for the similarity between the phenotypes of
teratological cases and genetic cases of autism (Ingram and Rodier 1998). The
increased understanding of ASDs is an example of how several research paths
have converged to provide evidence supporting an interesting genotype-environ-
ment hypothesis.

SUMMARY

Early researchers of the causes of abnormal development used many of the
same methods and animal models as developmental biologists studying normal
development. Knowledge about normal developmental processes was essential
to understand the developmental pathogenesis induced by chemical and physical
agents, and, reciprocally, such agents at that time were used to disrupt normal
development in order to understand the processes.

Our ability to understand the mechanisms by which chemicals act at the cel-
lular and molecular levels to affect development has improved greatly during the
past 2 decades. The improvement has occurred in concert with the advances in
cell and developmental biology. As discussed in Chapter 6, progress in develop-
mental biology came from the systematic analysis of developmental mutants of
model animals, and progress in cell biology came from biochemical and molecu-
lar biological techniques, particularly gene cloning and sequence analysis.

Mechanism is an inclusive term for developmental toxicologists. To be com-
plete, it should include information about (1) the toxicant’s kinetics of uptake,
distribution, storage, metabolism, and excretion as it gains access to the concep-
tus; (2) its interaction with a molecular component of a cellular or developmental
process; (3) the consequence of that interaction for the component’s function; and
(4) the consequence of that altered function for the operation of cellular and de-
velopmental processes (pathogenesis), leading to a structural or functional devel-
opmental defect. Thus, a full description of a mechanism of toxicity would draw
on molecular, cellular, and developmental knowledge.

The current hypotheses of the mechanisms of toxicity and the evidence sup-
porting the hypotheses for 11 toxicants, or groups of toxicants, were reviewed.
Of these, TCDD and retinoids are the exemplars at present. The hypotheses for
the toxicity are quite complete and substantiated. The toxicants interact with
known proteins, specific members of the bHLH and nuclear hormone receptor
families, respectively, which are signal transduction components as well as ge-
netic regulatory components. The liganded receptors activate (or perhaps re-
press) the expression of certain genes at abnormal times and places. The full
range of genes is not yet known, but some genes are known. The products of the
misexpressed genes affect developmental processes, such as cell migration, cell
responses, and the expression of yet other genes. The connection of altered gene
expression to defects of organogenesis is still somewhat weak, but the outlines
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have been established. Some of the altered expressions include genes encoding
signaling components involved in cell-cell interactions during organogenesis.

For the case of cyclopamine, a transmembrane signaling pathway is known
to be disrupted by the toxicant, leading to failure of an induction needed to pat-
tern the eye field of the diencephalon. This is an example of a transmembrane
signaling pathway that is a direct target for a toxicant.

For several other toxicants (e.g., methylmercury and methotrexate), the mo-
lecular target is not known but is probably some component of a process of cellu-
lar proliferation (e.g., DNA damage, block to DNA synthesis, disrupted spindle
formation, and energy depletion). In many cases, high-dose disruption of the
process results in cell death by apoptosis, preceded by the cell’s attempts to re-
store viability by way of molecular stress and checkpoint pathways, some of
which have been partially defined. Excessive cell death results in disrupted de-
velopment. The developmental effects of these toxicants has been broadly de-
fined, but most details are missing.

For a few toxicants, fetal organ function is probably compromised by pro-
cesses similar to the agent’s pharmaceutical-physiological effect on the mother
(e.g., ACE inhibitors). Functional defects are in the early stages of elucidation
(e.g., the connection of autism to altered HOX gene expression and altered
rhombomere development in the hindbrain) and the possible role of some toxi-
cants (including thalidomide) in altering the expression of those genes). Finally,
several others act by mechanisms still largely unknown, despite knowledge of the
final developmental defect (e.g., diphenylhydantoin and valproic acid).

In conclusion, there are only a few examples where the molecular, cellular,
and developmental information is complete enough to say the hypothesis of the
mechanism of toxicity is well substantiated. In no case is the mechanism of
cellular and developmental toxicity fully known both toxicokinetically and
toxicodynamically. However, it should be appreciated how broad and deep the
scientific understanding has to be in order to have all the facets of a hypothesized
mechanism distinguished and substantiated. The variety of mechanisms by which
environmental toxicants probably work should be noted: mechanisms for toxicity
are cellular, developmental, or physiological. Some involve two or more of these
three. Some mechanisms occur at embryonic stages, fetal stages, or both, and
some affect the conceptus, the mother, or both. Recent advances in the under-
standing of normal development (e.g., signaling pathways and transcriptional
regulatory circuits) and cell biology (e.g., the cell cycle and checkpoint path-
ways) have identified critical processes, which, if investigated for their alteration
by developmental toxicants, can provide exciting new advances in mechanistic
investigations.
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Genes are the fundamental units of heredity, and the genome is the
organism’s ensemble of genes. The genotype is the individual organism’s unique
set of all the genes. In a complex manner, the genotype governs the phenotype,
which is the ensemble of all traits of the organism’s appearance, function, and
behavior. Genes are now known to be deoxyribonucleic acid (DNA) sequences
from which ribonucleic acid (RNA) is transcribed. The transcripts of most, but
not all, genes are then translated into proteins, which are composed of amino acid
sequences and which perform most of the cell’s functions by virtue of their cata-
lytic activity and the interactions occurring at their specific binding sites. Hence,
the gene is required for a phenotypic trait, because it encodes a protein involved
in the generation of the trait.

It is not known precisely how many genes the human genome contains, but
estimates range from 61,000 to 140,000 (Dickson 1999; Dunham et al. 1999). By
comparison, the nematode Caenorhabditis elegans has 19,000 genes. In humans,
only 5% of the DNA of the genome actually encodes proteins. The rest serves
either as regulatory sequences that specify the conditions under which a gene will
be transcribed, as introns (sequences that are transcribed but not translated), or as
spacer DNA of yet unknown function. Each gene is located at a particular site on
a chromosome, and in the diploid phase of the life cycle of humans and other
metazoa, there are two chromosomes with that gene site in each nucleus. These
two gene copies are called alleles. Particularly relevant to this report, many vari-
ant alleles of each gene have arisen during human evolution, and different alleles
often confer slight or great differences in some particular trait of the organism,
when members of a population are compared.

88
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In this chapter, the committee describes the fields of human genetics and
genomics. The role of molecular epidemiology in detecting developmental toxi-
cants is discussed, as well as the difficulties in the detection of complex geno-
type-environment interactions.

GENOTYPE, PHENOTYPE, AND MULTIFACTORIAL INHERITANCE

In his classic experiments of the mid-nineteenth century, Gregor Mendel
(1865) chose the pea plant (Pisum sativum) in which to study the segregation and
assortment of particulate determinants of phenotypic traits. He was fortunate to
choose several traits, each of which was controlled by a single genetic locus. The
alleles at each locus, when inherited, acted in either a dominant or recessive man-
ner, and their action was not significantly influenced by other genes or by envi-
ronmental factors under his conditions of testing. Consequently, he observed
precise and interpretable mathematical ratios for the phenotypes of the progeny in
each breeding experiment. Traits of phenotype that show such easily interpret-
able patterns of inheritance are called simple, or Mendelian, traits, and these gen-
erally are governed by a single genetic locus.

However, the relationship between genotype and phenotype is almost always
very complex. Even when scientists consider one particular gene and know its
particular allelic form, its effect on phenotype is often subject to either or both of
two variables: (1) the different alleles of various other major and modifier genes
in the organism’s genome, and (2) various environmental conditions. Such traits
display a multifactoral pattern of inheritance (also called complex or non-Mende-
lian inheritance) and are termed complex traits or multiplex phenotypes (for a
recent review, see Lander and Schork 1994). Multifactorial inheritance is much
more common than simple inheritance. Such traits entail the interaction of two or
more genes (a polygenic trait). The genes can contribute to the phenotypic trait in
a quantitative and additive manner (e.g., genes A, B, and C might contribute 20%,
30%, and 50%, respectively, to a trait such as birth weight). These genes are
called “quantitative trait loci,” and genetic methods for analyzing their contribu-
tions are powerful. Alleles of the BRCA! gene, for example, appear to contribute
about 5% to the overall risk of breast cancer (for a review, see Brody and
Biesecker 1998), but several other contributors, which are analytically believed
to exist, have not yet been identified. Still more complex patterns of inheritance
can be traced to multiple genes acting in nonadditive manners. Segregated alleles
might be neither dominant nor recessive. Finally, a gene might show incomplete
penetrance (only some members of the population show the trait) or variable
expressivity (members of the population vary in the extent of the trait) or both.

Other traits are modifiable by the environment. Such traits are not at all
unusual and might overlap with polygenic traits. Studies in model organisms,
such as the fruit fly Drosophila melanogaster, have long shown that a gene’s
effect on a trait can be modified by such extrinsic factors as temperature, chemi-

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9871.html

and Risk Assessment

90 DEVELOPMENTAL TOXICOLOGY AND RISK ASSESSMENT

cals, nutrition, and crowding. Geneticists who are particularly interested in evo-
lution have argued that gene-environment interactions are so pervasive and im-
portant that one should not speak of a “phenotypic trait” of the organism but of its
“norm of reaction,” which is a set of phenotypes produced by an individual geno-
type when it is exposed to different environmental conditions (Stearnes 1989).
The relationship between genotype, environment, and phenotype, which is some-
times called the gene-environment interaction, can be expressed as

Genotype + Environment — Phenotype.

Although multifactorial inheritance is a nuisance to geneticists, it describes
most human heritable diseases and virtually all susceptibilities. As mentioned in
Chapter 2, approximately 25% of human developmental defects possibly follow
multifactorial inheritance. Humans and experimental animals are notoriously het-
erogeneous in their responses to drugs or environmental pollutants. The favored
explanation at present is that the heterogeneity reflects a combination of the het-
erogeneous exposure circumstances (extrinisic conditions) and heterogeneous
genotypes for susceptibility (intrinsic conditions). Examples of exposure plus
susceptibility would be the age of onset of lung cancer in cigarette smokers or the
likelihood of asthma induced by urban pollution. The gene-environment rela-
tionship is further confounded in developmental toxicology by the need to con-
sider the genotype of both the mother and the embryo or fetus, how and where a
toxicant is metabolized, and the developmental stage at which a toxicant crosses
the placenta. Gene-environment interactions are obviously relevant to the fields
of molecular epidemiology and developmental toxicology.

POLYMORPHISMS

A polymorphism denotes the presence of two or more alleles of a particular
gene within a population of organisms; the minority allele is present at a gene
frequency of at least 1% (Hartl and Taubes 1998). That frequency is a somewhat
arbitrary cutoff set by population geneticists and minority alleles of still lower
frequency are called “rare alleles.” In keeping with the Hardy-Weinberg distri-
bution (p? + 2pq + g?) for two alleles at a single locus, if the minority allele is
present at a 1% gene frequency, it is then present in heterozygous form in about
2% of the members of that population and in homozygous form in 0.01% of the
population.

Whatever the frequency, alleles are now defined in the most general way,
namely, as different nucleotide sequences of the same gene—that is, as changes
of one or more bases (adenine, thymine, cytosine, and guanine) relative to the
reference DNA base sequence. However, finding such a difference does not in
itself reveal much about an effect on phenotype. If the sequence difference oc-
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curs in a coding region of the gene, protein activity or stability might be affected.
If the change is synonymous (i.e., the amino acid is not altered), conservative, or
located in a region of the protein where any of several amino acids is acceptable,
protein activity or stability might not be affected. If a DNA sequence change
occurs in the transcribed region of the gene but not in the coding region, it might
affect the reading frame, splicing, mRNA stability, translation efficiency, or tran-
scriptional regulation. If outside the transcription region of the gene, the change
still might affect the time, place, and level of expression of the gene, although not
the protein’s sequence. Additional work has to be done to identify the effect of
the particular DNA change on protein function or level.

Polymorphisms reaching the 1% allelic frequency level are generally ex-
pected to have a selectively advantageous phenotypic consequence of altered pro-
tein activity or amount. However, a variant might be represented below the 1%
level or close to 1%, because it arose in a small founder group of organisms that,
because of local fortuitous circumstances, proliferated to a large population rela-
tive to other members of that species. Such a polymorphism might have no effect
on protein activity or amount. It would just be a marker of that lineage of organ-
isms. It might even have a negative selective effect.

Modern sequencing methods have greatly increased the capacity of research-
ers to detect alleles. For a particular gene sequence, any two unrelated people
within a population are likely to have sequence differences. A gene sequence is
taken to include all regulatory and transcribed regions of the DNA. When a base
change first arises, due to oxidative hits, replication errors, ultraviolet-induced
thymine dimers or other forms of DNA damage, one round of new DNA synthe-
sis is usually required to become “fixed” in a double stranded form that is im-
mune to repair and to count as a mutation. Before this synthesis, the base change
often results in a mismatch in the DNA double helix, and a number of mismatch
repair enzymes remove such errors (Snow 1997). However, out of every million
or more DNA sites that become damaged, an error occasionally escapes uncor-
rected. Unrepaired mutations are thought to occur naturally at frequencies of
once per 10°-108 bases per generation. Because humans have such a large ge-
nome, roughly 75 new mutations accumulate per human individual per lifetime.
Most of these are probably not deleterious. Many do not occur in protein coding
regions (5% of the human DNA sequence) or, if they do, do not change the par-
ticular amino acid (synonymous substitutions). Some are deleterious, however,
and the deleterious mutation rate in humans (nonsynonymous amino acid changes
affecting activity) has recently been estimated to be at least 1.6 new deleterious
mutations per diploid genome per generation. The authors conclude that this rate
“is close to the upper rate tolerable for a species such as humans that has a low
reproductive rate” (Eyre-Walker and Keightley 1999). It is likely that the human
population is full of genetic variation, and this variation must be considered and
appraised in any evaluation of an individual’s susceptibility to developmental
toxicants.
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THE HUMAN GENOME PROJECT

The genome of an organism is the total genetic content of the organism, or
more broadly, it is the organism’s entire DNA content—including nontranscribed,
non-cis-regulatory regions of DNA such as centromeres and telomeres. The study
of the genomes of organisms, which is called genomics, includes areas of re-
search determining the genetic and physical maps of genomes, the DNA se-
quences of genomes, the functions of genes and proteins, the cis-regulatory ele-
ments of genes, and the time, place, and conditions of expression of genes. A
prominent part of genomics has become the managing of the massive amount of
gathered information (a field referred to as bioinformatics) and the analysis of
data with regard to, for example, aspects of the organization of the genome, the
comparison of genomes of different organisms, and the global patterns of expres-
sion of genes.

The Human Genome Project (HGP) was launched in October 1990 by the
National Institutes of Health (NIH) as a federally funded initiative. The immedi-
ate goal was then, as it is now, to complete the accurate sequencing of the ap-
proximately 3.5 billion human DNA base pairs (the haploid amount) by the end
of 2003 (F.S. Collins et al. 1998). A “rough draft sequence”, comprising approxi-
mately 90% of the human genome, was completed in mid-2000 (www.ornl.gov/
hgmis/project/progress.html). In the longer term, a goal is to identify all human
genes. Identification is difficult. In an organism such as yeast, which is favor-
able for the identification of genes by mutational genetic analysis, more than half
the genes had gone undetected until the genome sequence became available
(Brown and Botstein 1999). The lack of detection was in part due to large redun-
dant regions of the yeast genome. In vertebrates, mutational genetic analysis is
much more difficult, and redundancy might be more widespread. Therefore, ini-
tial gene identification by sequencing is the approach of choice. A gene is ini-
tially identified as an open reading frame (ORF), which can be discerned directly
by looking at the sequence, or it is initially identified as an expressed sequence
tag (EST) site, a sequence complementary to a known piece of transcribed RNA
(see below). Thereafter, the goal is to identify each gene as a sequence encoding
a full-length RNA and a protein of known function. The functions of nontran-
scribed regions, such as the numerous large cis-regulatory regions setting condi-
tions for gene expression, will have to be elucidated as well. This task is still
more difficult, currently involving a number of approaches, including the con-
struction of transgenic animal lines carrying portions of the regulatory region in
conjunction with a reporter gene (e.g., green fluorescent protein, GFP).

The functional analysis of the genome, in terms of the time and place of
expression of genes and the functions of the gene products, is sometimes called
“functional genomics” or even “post-genomics.” The analysis of a protein’s func-
tion might be simple if the protein sequence resembles that of another well-under-
stood protein and might be difficult if sequence motifs are absent. The analysis of
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the organism’s protein composition (called the “proteome’) and function is some-
times called “proteomics.” Targeted areas of the HGP currently include genetic
and physical mapping of the human genome, DNA sequencing, analysis of the
genomes of numerous important nonhuman organisms, informatics to handle the
tremendous increase in the rate of information generated, resource and technology
development, and the ethical, legal, and social implications (ELSI) of genetic
research for individuals and for society (F.S. Collins et al. 1998).

The HGP is supported by NIH and U.S. Department of Energy (DOE) at 22
specialized genome research centers in the United States and in many university,
national, and private-sector laboratories. At NIH, the name was changed to the
National Center for Human Genome Research in 1993 and, since late 1996, has
become the National Human Genome Research Institute (NHGRI). At least 14
other countries also have programs for analyzing the genomes of various organ-
isms—ranging from microbes and economically important plants and animals to
humans.

The explosion of genomics information has occurred sooner than the most
daring scientists would have predicted. Following the first complete genome
sequence, that of Haemophilus influenzae in 1995, seven more genomes were
completed in the next 18 months, namely, four more eubacterial genomes, two
archaebacterial genomes, and one unicellular eukaryote genome—that of the yeast
Saccharomyces cerevisiae. In December 1998, the genome of the first multicel-
lular eukaryote, Caenorhabditis elegans, was completed (100 kilobases of DNA
sequence and 19,000 genes identified at least as ORFs). As of the end of 1999,
more than 30,000 human genes had been partially identified, located, and se-
quenced. Human chromosome 22 has been sequenced and is projected to contain
at least 679 genes (Dunham et al. 1999). In the mouse, at least 14,000 genes have
been described. The fruit fly (Drosophila melanogaster) sequence was completed
in 1999 (Adams et al. 2000). In mid-2000, an approximate (“working draft”)
human sequence was completed. By 2003, numerous nonhuman genomes will be
sequenced as well, including the mouse Mus musculus, the zebrafish Danio rerio,
the silkworm Bombyx mori, the rat, dog, cat, chicken, rice, corn, wheat, barley,
cotton, the plant Arabidopsis thaliana, and probably also the cow, sheep, pig, and
horse. The sequencing of the mouse genome is running well ahead of schedule.

New technologies, resources, and applications have become increasingly
available to researchers of many diverse scientific fields, including cancer re-
search, drug discovery, medical genetics, and environmental genetics, and their
availability should also accelerate numerous major advances in developmental
toxicology in the next decade, as discussed later in this chapter.

Functional Genomics and Microarray Technology

From the outset, it was expected that the completion of sequencing of the
human genome would mark but a first step in the HGP. The information about
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the sequence and location of genes in the genome will greatly facilitate further
studies—not only of human genetic variability but also of functional genomics.
As noted above, the latter is the comprehensive analysis of gene expression and
gene-product function. In the cases of yeast and C. elegans for which the entire
genome sequence is already known, projects are under way to assess systemati-
cally the function of every gene product, for example, by knocking out yeast
genes (causing a loss of function) one at a time and by associating an identified
messenger (m) RNA with every ORF.

Some of this functional analysis can go forward even before a genome is
sequenced. In the case of humans, the study of ESTs has been an important step
of such analysis. mRNAs can be isolated from the organism and converted to
complementary (c) DNAs, by reverse transcription (RT) and the polymerase chain
reaction (PCR). The cDNAs are then cloned and sequenced to prepare a large
and well-defined library of ESTs. The information is entered in a database. These
sequences represent genes expressed in the human. For example, more than 1
million human ESTs are now available, representing greater than 50,000 genes.
Each EST reflects an mRNA piece, not a full-length sequence. The most compre-
hensive libraries are prepared from a wide range of tissues and times of develop-
ment in an effort to include all expressed genes. (Unfortunately for developmen-
tal toxicologists, although the initial sources of RNA included placenta, they were
underrepresented in the variety of early embryonic tissue.) These sequences are
useful in the course of genome sequencing to identify DNA regions that actually
encode proteins (only 5% of the human genome sequence is thought to show up
in processed mRNA sequences). New methods have become available to obtain
full-length cDNAs from transcripts, and these will be more useful than fragments.

A further step of analysis of genome function is the determination of the
time, place, and conditions of expression of each gene. Until recently, this analy-
sis has been done one gene at a time. DNA microarray techniques recently have
made possible the description of simultaneous changes of thousands of genes as
cells and tissues undergo development or various changes of environmental con-
ditions. In the study of toxicant effects on the organism, the analysis sometimes
is called “toxicogenomics” or, in the study of the effects of pharmaceuticals,
“pharmacogenomics.” DNA microarray approaches are gaining widespread use
(see Nuwaysir et al. 1999 for a discussion of its use in toxicology).

The technology is now suitable for simultaneously comparing the amounts
of thousands of kinds of mRNA in two tissues or cell samples (e.g., a normal
control tissue versus a tissue treated with a teratogenic agent). To do the com-
parison, thousands of different DNA sequences (e.g., each an oligomer of at least
25 nucleotides) are robotically spotted onto a microslide, and each sequence is
placed on a known spot to make a DNA microarray. The DNA adheres to the
glass, and each DNA spot is typically 20 micrometers (m) in diameter. For ex-
ample, microarrays of 6,200 cDNA sequences, representing all the genes of yeast,
have been fitted on a single slide or a few slides, and 8,900 cDNA sequences
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representing about 10% of human genes (mostly EST sequences) have been put
on a few slides (Iyer et al. 1999). The expense and time of producing such slides
are modest enough that a hundred or so can be prepared, each serving for the
analysis of one comparison condition (e.g., analysis of several time points and
concentration conditions). Each slide is an array of DNA “probes” by which the
amounts of thousands of kinds of mRNA in cells, tissues, or embryos can be
visualized simultaneously at each time and condition.

In the procedure of Brown and Botstein (1999), the tissue samples for com-
parison are separately extracted and the mRNAs are labeled with different fluo-
rescent dye molecules, say green for the control and red for the treated tissue (see
Figure 5-1). The RNAs are then mixed and added to the microarray slide (in their
case, carrying 8,900 human DNA sequences) under conditions suitable for RNA-
DNA hybridization, and then washed to remove unbound RNA. The slide is then
read in a fluorescence microscope to see if each particular DNA spot has bound
more of the green or rRNA. The ratio of red to green tells whether a particular
gene is expressed more or less than normal under the treatment condition. Yel-
low is seen when equal red and green mRNA has hybridized. This technique has
been applied recently to human cells cultured in the presence or absence of se-
rum. Indeed, hundreds of genes changed expression, including many genes en-
coding stress-related proteins seen in wound healing (Iyer et al. 1998), a fact not
previously realized in the years of study of the serum response of cultured cells.
The technique also has been applied to yeast cells progressing along the sporula-
tion pathway (Chu et al. 1998), yeast cells progressing through the cell cycle
(Spellman et al. 1998), and yeast cells in a haploid, diploid, or tetraploid state
(Galitski et al. 1999). Recently, it has been used to discover the response of a
single kind of cell to two signaling ligands, each acting through a different recep-
tor tyrosine kinase (Fambrough et al. 1999). In all cases, the expression of hun-
dreds of genes changed. Viewing global patterns reveals that each gene does not
seem to behave individually; instead, concerted expression of large batteries of
genes seems to occur under various conditions. These results give credence to
the value of analysis of the global patterns of gene expression. Previous studies
of individual genes might have missed large-scale patterns. However, much re-
mains to be done in the interpretation of the manifold changes of gene expression.
As mentioned above, hundreds of gene expression changes are observed even
with seemingly modest changes in a cell’s circumstances, such as its ploidy.

In the analysis of toxicant effects, it is expected that cells or organisms could
be treated with toxicants of unknown mechanism of action, and the changes of
gene expression could be profiled by the DNA microarray method. If enough
were known about the function and interaction of proteins encoded by the genes
undergoing changes of expression, sound deductions might be made about the
mechanism of action of the toxicant. In the future, it is expected that DNA
microarray methods will allow rapid and detailed characterization of a cell or
organism’s response to a toxicant. As more information is collected, different
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FIGURE 5-1 DNA microarrays as a means to determine simultaneously the amounts of
thousands of kinds of mRNA in a cell or tissue. As shown in the upper left, mRNA is
prepared separately from two kinds of cells, such as normal and tumorous, and each mRNA
is converted to cDNA by reverse transcription and the polymerase chain reaction (RT-
PCR) (see text). The separate cDNA samples are reacted with fluorescent dyes (e.g., green
for the normal cDNA sample and red for the tumorous cDNA sample). The two are mixed
in equal amounts. To prepare the DNA microarray, thousands of different DNA sequences
are spotted robotically on a glass slide, each sequence in a known spot. The DNA adheres
to the glass. The fluorescent cDNA mix is spread over the slide under hybridization con-
ditions so that cDNAs stick to specific spots based on their complementary base sequence.
Unbound cDNA is washed away and the slide is scanned in a fluorescence microscope to
determine the green-to-red ratio of each spot. Pure red means that the RNA is present only
in normal cells. Pure green means that the mRNA is present only in tumorous cells.
Yellow means that the mRNA is present in equal amounts in both cells, and more red or
green reflects more or less of the mRNA in the normal or tumorous cell. Black means that
there is no mRNA in either kind of cell. Source: Adapted from the National Human
Genome Research Institute’s Glossary of Genetic Terms. Available via the Internet at
<http://www.nhgri.nih.gov/DIR/VIP/Glossary/Illustration/microarray_technology.htm>.

toxicants can be grouped by their similarities of effect, and the analysis of toxi-
cant action can be pursued on a more systematic basis. The DNA microarray
method is already in use to compare normal cells and cancer cells. Many of the
questions of interpretation of gene expression differences are being explored in
that case as well.

Although it is preferrable to have a large set of cloned and sequenced DNAs
(representing different identified genes) for the microarray, as is the case for yeast,
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it is not necessary. ESTs have been useful already for human and mouse studies,
as in the serum study mentioned above (Iyer et al. 1999). If expression of a
particular sequence, known only by its EST, is found to change greatly in the test
condition, it might then qualify as interesting enough to deserve full-length clon-
ing, sequencing, and further analysis of function.

Vast amounts of data accumulate in such comparisons (e.g., when 6,200 yeast
genes (the entire yeast genome) or 8,900 human sequences are expressed differ-
ently under several conditions at several time points). The multidimensional data
sets have challenged applied mathematicians to find means to express them in
ways useful to biologists (e.g., see the methods of two-dimensional clustering
analysis in Eisen et al. 1998; Alon et al. 1999; Tamayo et al. 1999). Yet, larger
data sets loom on the horizon (e.g., the expression of perhaps 100,000 mouse or
human genes at all times and places in development, not to mention with different
toxicant exposures). As described below, the demand is great for managers and
analysts of these data sets.

Although the various microarray techniques promise to reveal exciting new
information about where, when, and under what conditions the genes of the ge-
nome are transcribed, this approach will not provide information concerning the
translation and post-translational modification of proteins encoded by these
mRNAs—that is, information about when and where the proteins are present and
active. Protein function is almost always the immediate cause of cell function.
To provide such functional information is the goal of proteomics. Proteomics has
been defined (Anderson and Anderson 1998) as “the use of quantitative protein-
level measurements of gene expression to characterize biological processes (e.g.,
disease processes and drug effects) and decipher the mechanisms of gene expres-
sion control.” At the core of proteomics is the Human Protein Index—that is, the
systematic identification of all human proteins (Anderson and Anderson 1982)
using high-throughput, high-resolution, two-dimensional (2D)-gel electrophore-
sis to generate a gel with as many as 1,000 separate protein spots on it. A large
amount of 2D-gel information is stored in the Proteomics database (see Appendix
B for the Internet address). Plans have been made to identify every protein spot
on a 2D gel, because the nanogram amount of protein in a spot is sufficient to
determine a partial amino acid sequence by tandem mass spectrometry (Yates
1998). The partial sequence can then be looked up in the genome database and
the protein identified. When proteins are modified by phosphorylation, acyla-
tion, glycosylation, farnesylation, limited proteolysis, or any of the other 30 or so
covalent post-translational alterations, their migration on a 2D gel changes, thus
allowing a correlation to be made with their activity or inactivity in the tissue.
Such activity information cannot be gained from DNA microarray measurements
of mRNA amounts.

Finally, many proteins are required to associate with other proteins in order
to achieve activity, and there are various nondenaturing gel-electrophoresis meth-
ods to detect such associations. Current and future efforts can be expected to
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produce new technological advances for the analysis of proteins and their func-
tions. In developmental toxicology, the combination of genomics and proteomics
offers the possibility of assessing developmental toxicants not only for their ca-
pacity to alter gene expression but also for their capacity to alter protein function.

Applications of Genomic Technologies

Researchers have recently made use of the genomic technologies to identify
and sequence genes with a role in disease etiology. It is probable that these
genomic technologies will be applied to the study of the effects of chemicals on
development in the near future. Two models already exist that demonstrate the
application of new genomic technologies: the Cancer Genome Anatomy Project
(CGAP), which began in 1997 and is administered by the National Cancer Insti-
tute, and the Environmental Genome Project (EGP), which began in 1998 and is
administered by the National Institute of Environmental Health Sciences.

The goal of CGAP is to provide a complete catalogue of all genes whose
expression changes in cancer cells relative to normal cells for all types of cancer
(Pennisi 1997). In the past, a major barrier to the analysis of cancer cells has been
the mixture of cell types (normal and cancerous) present in a typical tumor. It is
difficult to get an accurate picture of gene expression in cancer cells if the RNA
extracted from the whole tumor includes sequences from many different cell
types. Using recently developed methods, CGAP researchers minimize that prob-
lem by microscopically selecting a small homogeneous group of cells, either nor-
mal, precancerous, or malignant (Emmert-Buck et al. 1996; Simone et al. 1998),
which are then isolated by adhering them to a special laser-sensitive film. RNA
sequences then are extracted from the isolated cells and amplified by RT-PCR to
make cDNA libraries (Peterson et al. 1998). About 5,000 cells of homogeneous
morphology have been required to obtain a wide mRNA representation. As few
as 500 cells are needed to obtain cDNAs of abundant mRNA species. Such li-
braries will be important tools for describing the progression of cancer and pro-
viding diagnostic markers of the disease. They also provide sequences for func-
tional analysis by way of DNA microarrays. As data are obtained, they are entered
on the CGAP Web site for ready access and use by other investigators and for
integration with other data in the large repository.

New technologies are expected to reduce the minimum number of cells
needed to 1,000 or fewer and still get wide RNA representation. The lower the
minimum number of cells required, the better for future developmental toxico-
logical studies, because many developing cell types are present in small numbers
during embryogenesis and fetal development.

The goal of EGP is to study the interaction between genetic susceptibility,
environmental exposures, and disease. Specifically, researchers working on this
5-year project are attempting to identify allelic variants (i.e., polymorphisms) of
200 genes important in environmental diseases, to develop a centralized database
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of polymorphisms for those genes, and to foster epidemiological studies of gene-
environment interactions in disease etiology. As discussed later in this chapter,
evidence is particularly strong for increased chemical susceptibilities of individu-
als with polymorphisms of genes encoding drug-metabolizing enzymes (DME's).
EGP is using genomic technologies, such as high-throughput sequence analysis
developed for the HGP, which will facilitate epidemiological studies of gene-
environment interactions in disease.

The type of genomic technologies used in CGAP and EGP, and many of the
data themselves, are anticipated to have an enormous impact on future research in
developmental toxicology. Ideally, a developmental toxicology counterpart to
such programs as CGAP and EGP would focus on obtaining data on gene expres-
sion at all times and in all tissues during normal development. Comparisons then
could be made between embryos and fetuses from pregnant control (normal) ani-
mals and pregnant treated animals to look for differences in gene expression.
Changes could be identified in the expression of genes encoding proteins known
to function in cell signaling, transcriptional regulation, cell division, cell motility,
cell adhesion, apoptosis, differentiation, metabolism, repair, electrolyte balance,
homeostasis, or transport. Such studies will help to elucidate mechanisms by
which extrinsic chemicals (potential developmental toxicants) act as agonists or
antagonists to receptor- and enzyme-mediated subcellular processes during em-
bryogenesis and fetal development. Such research will be a major force in merg-
ing the fields of developmental biology, genomics, and developmental toxicol-

ogy.

Management of Genome Sequence and Functional Genomics Data

The explosion of molecular biology in the past two decades has led to enor-
mous advances in DNA sequencing, which in turn has led to the increasingly
rapid identification of genes as ORFs and as EST sites and the identification of
the function of gene products by sequence motifs (e.g., homeodomains, zinc-
finger domains, kinase domains, and SH2 and SH3 domains). There are four
major nucleotide sequence databases: GenBank and the Genome Sequence Data-
base (GSDB) in the United States, the European Molecular Biology Library
(EMBL), and the DNA Data Bank of Japan (DDBJ). All groups exchange new
and updated sequences electronically and usually on the same day of submission.

There is a two-decade history of these databases. The goal of the Los Alamos
Sequence Library in 1979 at the Department of Energy (DOE)-sponsored Los
Alamos National Laboratory (LANL) was to store DNA sequence data in elec-
tronic form. Within the same year, a similar database was also established at the
EMBL in Heidelberg. In 1982, it was agreed that any data submitted or entered by
one group would be forwarded immediately to the other, thereby avoiding dupli-
cation of effort. In 1982, the LANL database became GenBank when Bolt,
Beranek and Newman (BBN) became the primary contractor for distribution of
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data-and-user support, and LANL was changed to a subcontractor of BBN. Se-
quence data activities at BBN and LANL were sponsored by the National Institute
of General Medical Sciences (NIGMS), as well as DOE and other agencies. At
the end of the first 5-year contract, IntelliGenetics became the primary contractor,
and LANL again became the subcontractor in charge of designing and building
the database. In October 1992, at the end of the second 5-year contract, NIGMS
transferred GenBank to the National Center for Biotechnology Information
(NCBI) at the National Library of Medicine. In August 1993, LANL and NCBI
database resources became independent of one another. GenBank remained at
NCBI, and LANL took the new name of Genome Sequence Database (GSDB) and
moved to the National Center for Genome Resources (NCGR) in Santa Fe, New
Mexico. The EMBL Nucleotide Sequence Database, which originated in 1982, is
now maintained by the European Bioinformatics Institute (EBI), located near
Cambridge, England—which also oversees the SWISS-PROT Protein Sequence
Database and more than 30 other specialty databases. DDBJ, created in 1984 and
sponsored by the Japanese Ministry of Education, Science, and Culture since
1986, accumulates nucleotide sequence data, mostly from Japanese scientists, and
through electronic transfer makes more than a dozen other databases available.

Within a decade the genomes of at least 200 organisms, from numerous bac-
terial species to humans, will have been sequenced. By then, expression assays
using high-throughput microarrays of DNA or cDNA or protein microarrays will
be commonplace and provide us with overwhelming amounts of new information
on the time and location (i.e., tissue and cell type) of expression of various genes
and on the changes of gene expression in the organism’s development and re-
sponse to different exposure conditions (Reichhardt 1999). There will be a tre-
mendous need for departments, or divisions, of bioinformatics in universities and
industries to keep track of the data and to analyze it with respect to interesting
questions about genome organization and function (see commentary by
Reichhardt 1999). Additional information is likely to arise from the comparison
of genomes of different organisms. The need to train large numbers of people in
the new field of bioinformatics will be great. Information readily available on the
Internet should facilitate the integration of the fields of developmental toxicol-
ogy, human genetics, genomics, and developmental biology. In the future, devel-
opmental toxicologists will certainly benefit in many ways from ready and imme-
diate access to this new information, but it should be appreciated that training will
be required before the vast amounts of information can be used effectively. It is
also unspecified at present how best to organize the data so that those involved in
risk assessment can obtain what is most relevant.

RECENT DEVELOPMENTS IN MOLECULAR EPIDEMIOLOGY

Molecular tools have been used recently to identify interactions between ge-
netic and environmental factors in the causation of complex diseases such as
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developmental defects. The majority of adverse pregnancy outcomes in humans
are of unknown etiology and are viewed as complex traits in which exogenous
agents might interact with particular combinations of allelic variants of genes
controlling development and differentiation to produce adverse pregnancy out-
comes. Studies of gene-environment interactions during embryogenesis and fetal
development have become commonplace and increasingly appreciated. Catego-
ries of disease etiology can be viewed as spanning the range from totally genetic
in causation to totally environmental in causation. These categories include single
gene causation, chromosomal causation, multifactorial causation with high heri-
tability, multifactorial causation with low heritability, infectious causes, and en-
vironmental causes (Khoury et al. 1993a).

Many single-gene disorders are characterized by a low frequency of the dis-
ease allele in the general population (allelic frequency, 1% or less) and high pen-
etrance (a high proportion of individuals with the disease allele develop the disor-
der). Susceptibility genes for these single-gene disorders typically demonstrate
Mendelian patterns of inheritance and are associated with high disease risk. Al-
though individually rare, single-gene Mendelian disorders contribute significantly
to infant morbidity and mortality. Approximately 4-7% of pediatric hospital ad-
missions are made for recognized Mendelian diseases (Khoury et al. 1993b).
From more than 2,000 likely single-gene developmental-defect syndromes in hu-
mans, the gene has been isolated and mapped for 100 of these syndromes and
mapped but not yet isolated for another 100 (Winter 1996). In the mouse, for
comparison, there are approximately 500 spontaneously occurring single-gene
defects associated with developmental defects. Approximately 75 of these genes
have been isolated, and greater than 400 have been mapped (Winter 1996). Fur-
thermore, more than 1,000 mouse mutants have been prepared with known gene
defects (many in components of signaling pathways), and many of these have
phenotypes that fully qualify them as mouse single-gene developmental defects.
Despite the availability of mouse mutants and the identification of genes impor-
tant in development of C. elegans, Drosophila, and zebrafish (see Chapters 6 and
7), the study of single-gene defects contributing to developmental defects in hu-
mans has not yet received much experimental attention. Genes identified as im-
portant for development in C. elegans, Drosophila, and zebrafish, however, pro-
vide arich source of information for identification of potential susceptibility genes
in humans. That strikes this committee as an underutilized resource.

Multifactorial disorders, or complex diseases, are characterized by genetic
complexity and probable gene-environment interactions (Ellsworth et al. 1997).
These diseases tend to aggregate within families but are not inherited in simple
Mendelian fashion. They are typically found in a higher proportion within af-
fected families than expected in the general population. In contrast to single-gene
disorders, susceptibility genes for complex disorders tend to be common in the
population (allelic frequency more than 1%) and can be considered polymor-
phisms. Susceptibility genes are usually associated with low risk to the indi-
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vidual but high attributable risk in the population. In cases of high heritability,
the disease trait might have alleles of several major genes and of several modifier
genes contributing to its penetrance and expressivity. In those with low heritabil-
ity, there might be alleles of several genes as well as specific environmental fac-
tors that together increase the risk of disease in a population.

Recent examples in which gene-environment interactions have been
sucessfully elucidated for developmental defects are the following:

» Transforming growth factor (TGFo) polymorphisms and oral clefts: Evi-
dence for an association between maternal smoking and oral clefts has been
equivocal (Hwang et al. 1995). In this study, there was not an overall significant
association between maternal smoking and oral clefts in the newborn. However,
if the newborn had a variant allele (TAQL C2) of the TGFo. gene, the odds ratio
for oral clefts in infants of smoking mothers (more than 10 cigarettes per day)
was 8.7, a 10-fold increase compared with infants of smoking mothers who did
not have this variant allele. The variant allele alone was not associated with
increased risk for oral clefts. TGFa.is a ligand of a tyrosine kinase receptor.

» Homeobox gene MSXI, limb deficiencies, and smoking: Frequencies of
rare alleles at the MSXI locus are slightly higher in infants with limb deficiencies
compared with infants having other types of developmental defects (odds ratio
2.4). Infants carrying the rare alleles had a 2-fold increased risk of a limb defi-
ciency when the mother smoked during pregnancy (odds ratio 4.8) compared
with infants harboring the rare allele whose mothers did not smoke. Smoking
alone was not associated with increased risk for limb deficiencies in this study
(Hwang et al. 1998). MSX1 is a transcription factor whose activity often depends
on BMP2 4 signals.

» Variable human susceptibility to developmental defects due to diphenyl-
hydantoin (DPH or phenytoin): 10-20% of the offspring of epileptic women
taking phenytoin during pregnancy have the fetal hydantoin syndrome (Hanson
et al. 1976; van Dyke et al. 1988). Phenytoin is thought to be converted to a
reactive intermediate to have teratogenic effects (Martz et al. 1977; for a review,
see Finnell et al. 1997a). The population variability in response to phenytoin
possibly reflects a heterogeneity of DME genotypes. In a pair of twin births in
which only one twin had dysmorphologies of the hydantoin syndrome, the mother
and the affected twin had decreased activity of the enzyme epoxide hydroxylase
compared with the unaffected twin (Buehler 1984). Buehler et al. (1990) subse-
quently showed that children with the hydantoin syndrome indeed have lower
activity of epoxide hydrolase. Epoxide hydrolase would serve to detoxify an
arene oxide intermediate of phenytoin, and it has been suggested that reduced
activity of this enzyme is responsible for increased susceptibility to phenytoin.
Hassett et al. (1994) reported a polymorphism in the epoxide hydrolase gene that
markedly decreases enzyme activity. Conversely, the DPH parent compound
might be teratogenic, and genetic defects in CYP2C9 and CYP2C19 (the two
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enzymes that metabolize DPH) could result in an accumulation of the DPH ter-
atogen. The frequencies of CYP2C9 and CYP2C19 poor metabolizing polymor-
phisms range between 10% and 25% of individuals in different populations—
very similar to the percent of women taking DHP who have children with the
fetal hydantoin syndrome.

» Aldehyde dehydrogenase 2, alcohol dehydrogenase 2, and the susceptibil-
ity to fetal alcohol syndrome: In the metabolism of ethyl alcohol, alcohol dehy-
drogenase (ADH) catalyzes the conversion of alcohol to acetaldyhyde, and
acetylaldehyde dehydrogenase (ALDH) oxidizes the conversion of this product
to acetic acid. Alcohol and acetaldehyde, but not acetic acid, are thought to have
the potential for deleterious effects. Humans possess at least seven ADH genes
and 13 ALDH genes. Crabb (1990) pointed out that the single base mutation in
ALDH?2 (the mitochondrial as opposed to the cytosolic ALDH), which is respon-
sible for acute alcohol-flushing reaction and alcohol intolerance mostly in Asians,
is the best-characterized genetic factor influencing alcohol drinking behavior
(lower activity correlating with intolerance). He raised the possibility that poly-
morphisms in the several alcohol dehydrogenase genes might be related to risk of
fetal alcohol syndrome (FAS). A genetic influence in fetal alcohol syndrome is
suggested by twin studies: Streissguth and Dehaene (1993) established that the
rate of concordance for the diagnosis of fetal alcohol syndrome was 5 out of 5 for
monozygotic and 7 out of 11 for dizygotic twins. In two dizygotic pairs, one twin
had FAS, and the other had fetal alcohol effects (FAE). In two other dizygotic
pairs, one twin had no evident abnormality, and the other had FAE. Intelligence
Quotient scores were most similar within pairs of monozygotic twins and least
similar within pairs of dizygotic twins discordant for diagnosis. Johnson et al.
(1996) documented the central nervous system (CNS) anomalies of FAS by mag-
netic resonance imaging. CNS and craniofacial abnormalities were predomi-
nantly symmetric and central or midline. The authors stated that the association
emphasized the concept of the midline as a special developmental field. The
CNS is vulnerable to adverse factors during embryogenesis and fetal growth and
development.

As those four examples indicate, further investigation of gene-environment
interactions using the tools of molecular epidemiology is likely to yield important
new information on multifactorial causes of developmental defects. Two of the
above-cited examples concern polymorphisms of genes encoding enzymes in-
volved in the metabolism of an agent, namely, phenytoin or alcohol, and two of
the examples concern polymorphisms of genes encoding protein intermediates of
signal transduction pathways and genetic regulatory circuits (TGFao. or MSX1),
which are components of developmental processes.

The examination of gene-environment interactions is particularly advanced
for disease conditions related to the DMEs, and this area of study is called
ecogenetics or pharmacogenetics. There are phase I and phase II metabolizing
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enzymes. Phase I enzymes catalyze a conversion of the exogenous agent to a
modified form, often an oxidized form. In some cases, the exogenous agent is
toxic and the intermediate is not, but in other cases, the agent is nontoxic and the
intermediate is toxic, an example of metabolic potentiation or activation. There
probably are several hundred kinds of phase I enzymes (and genes encoding them)
in mammals (including humans). The majority of them are members of the large
cytochrome P450 monooxygenase family. Three or four kinds of P450 enzymes
are thought to metabolize 70-80% of the prescription drugs taken by patients, and
defects in phase I enzymes correlate with drug sensitivities and hazardous side
effects. Phase II enzymes subsequently catalyze the conjugation of the modified
intermediate to an endogenous harmless metabolite, such as a sugar or amino
acid, and the conjugated form, which is usually nontoxic, is then excreted. In
several well-analyzed cases, patients with high levels of phase I enzyme (hence,
producing high amounts of a toxic intermediate) and low levels of phase II en-
zyme (hence, unable to get rid of that intermediate) were found to be particularly
at risk from chemical exposures. Thus, human variants with altered levels of
enzymes of one group or the other, or both, can have abnormal drug responses, as
much as a 20- or 30-fold increase in drug sensitivity.

At least 60 ecogenetic or pharmacogenetic differences are now known; many
are listed in Table 5-1. In this research, epidemiological methods and genomic
methods are complementary, and progress in the near future seems assured. It
seems likely that the fetus is at increased risk of developmental defects, because
either the mother or the fetus cannot metabolize chemicals as well as others can
or because they metabolize them better.

The other large area to investigate for the correlation of polymorphisms with
developmental defects is that of the components of the developmental processes
themselves, namely, key components of developmental processes, such as those
of signal transduction pathways and genetic regulatory circuits. These compo-
nents are the targets of exogenous agents that elude detoxification or are potenti-
ated by phase I enzymes. The examples of TGFa. with smoking and MSX/ with
limb defects are two that have been clarified. At this time, however, there are few
good examples, perhaps simply because information about developmental pro-
cesses has not been available until recently. Because the developmental compo-
nents are conserved across phyla and have been well described in Drosophila, C.
elegans, and now the mouse, the means are available to obtain related human
sequences and search for polymorphisms. This research will be further discussed
in Chapters 8 and 9. The phenotypes of mouse null mutants generated by the
embryonic stem-cell-(ES) knockout technology have already contributed substan-
tially to our knowledge about how alterations in those genes and pathways impact
development. This kind of research is progressing rapidly. Complete deletion of
some components of a variety of pathways fundamental to development results in
embryo lethality, but in other cases for which there is a gene redundancy for the
component, the deletion of the component leads to mice born with developmental
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TABLE 5-1 Classification of a Partial List of Human Pharmacogenetic or
Ecogenetic Differences?®

Less enzyme or a defective protein

N-acetylation polymorphisms (NAT2, NAT1)

Increased susceptibility to chemical-induced hemolysis (G6PD deficiency) (G6PD)

Hereditary methemoglobinemias; hemoglobinopathies

P450 monooxygenase polymorphisms (oxidation deficiencies). Debrisoquine (CYP2D6), S-
mephenytoin (CYP2C19 & 2C9), phenytoin (CYP2C9 & 2C19), nifedipine (CYP3A4),
coumarin and nicotine (CYP2A6), theophylline (CYP1A2), acetaminophen (CYP2E1)

Null mutants of glutathione transferase, mu class (GSTM1); theta class (GSTT1)

Thiopurine methyltransferase (TPMT)

Paraoxonase deficiency, sarinase (PON1)

UDP glucuronosyltransferase (Gilbert’s disease, UGT1AL1; (S)-oxazepam, UGT2B7)

NAD(P)H:quinone oxidoreductase (NQO1)

Epoxide hydrolase (HYL1)

Atypical alcohol dehydrogenase (ADH)

Atypical or absent aldehyde dehydrogenase (ALDH2)

Defect in converting aldophosphamide to carboxyphosphamide

al-antitrypsin (PI)

al-antichymotrypsin (ACT)

Angiotensin-converting enzyme (DCP1, ACE)

Acatalesemia (CAT)

Dihydropyrimidine dehydrogenase (DPD)

Succinyl sensitivity, atypical or absent serum cholinesterase (CHE1)

Cholesteryl ester transfer protein (CETP)

Butyrylcholinesterase (BCE1)

Fish odor syndrome (FMO3)

Glucocorticoid-remediable aldosteronism (CYP11B1, CYP11B2)

Dubin-Johnson syndrome; multispecific organic anion transporter (MOAT, MRP)

Altered serotonin transporter (SHHT)

Altered dopamine transporter (DAT)

Dopamine receptors (D2DR, D4DR)

Defective drug transporters (e.g., MDRI1), resistance to chemotherapeutic agents

Licorice-induced pseudoaldosteronism (HSD11B1)

Mineralocorticoid excess with hypertension (HSD11B2)

Pyridoxine (vitamin B6)-responsive anemia (ALAS2)

Increased resistance to chemicals

Inability to taste phenylthiourea

Coumarin anticoagulant resistance

Androgen resistance

Estrogen resistance

Cushing syndrome from low doses of dexamethasone

Insulin resistance

Rhodopsin variants; dominant form of retinitis pigmentosa

Vasopressin resistance (AVPR2)

Increased metabolism—Atypical liver alcohol dehydrogenase (ADH)

Defective receptor—Malignant hyperthermia / general anesthesia (Ca2*-release channel
ryanodine receptor) (RYR1, MHS1)

continues
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TABLE 5-1 continued

Change in response due to altered enzyme induction
Porphyrias
Aryl hydrocarbon receptor (AHR) polymorphism (CYP1A1 and CYP1A2 inducibility
polymorphism) correlated with cancer, immunosuppression, birth defects, chloracne,
porphyria, and, possibly, eye toxicity and ovarian toxicity
Abnormal metal distribution
Iron (hemochromatosis, HFE), copper (Wilson disease, Menkes disease), and, possibly, lead,
cadmium, and others
Disorders of unknown etiology (known to run in families)
Corticosteroid (eye drops)-induced glaucoma
Halothane-induced hepatitis
Chloramphenicol-induced aplastic anemia
Aminoglycoside antibiotic-induced deafness
Beryllium-induced lung disease
Hepatitis B vaccine resistance
Susceptibility to human immunodeficiency virus infection (polymorphism of CCRS co-
receptors)
Long-QT syndrome
Retinoic acid resistance and acute promyelocytic leukemia
Thombophilia (activated protein C resistance)
Lactose intolerance
Fructose intolerance
Beeturia; red urine after eating beets
Malodorous urine after eating asparagus
Reproductive disadvantage in F508 cystic fibrosis heterozygotes who smoke cigarettes (CFTR)
High risk of cerebral vein thrombosis in defective prothrombin (F2) heterozygotes
High risk of cerebral vein thrombosis in users of oral contraceptives

Modified from Nebert (1999). See also refs. 11 and 18 of Nebert (1999). All of these are pharma-
cogenetic or ecogenetic in the sense that health risk correlates not only with the polymorphic state of
the individual, but also exposure of that individual to a particular chemical (drug or environmental
agent). Many of these are searchable in the online Mendelian Inheritance in Man (OMIM) database
at http://www.ncbi.nlm.nih.gov/omim/. Not all of these are correlated with developmental defects.

defects resembling human defects (see examples in Chapter 6). The work on key
developmental components in animals can greatly benefit the search for human
variants of developmental components.

The final step, though, will be to evaluate how specific toxicants interact
with those altered pathways to produce abnormal development. Relevant suscep-
tibility genes of development can then be examined in human populations, and
interactions between alleles of those genes and toxicant exposures can be identi-
fied. Whether allelic variants of genes controlling development, such as those
encoding components of the major signal transduction pathways, will be more
important, as important, or less important than those controlling DMEs remains
to be determined and should be given high priority for future research.
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SUMMARY

The sequencing of the human genome and a variety of animal genomes will
provide fundamental information about genome organization, genome evolution,
gene sequence variety, and genetic polymorphisms. Sequencing will also pro-
vide a platform for global systematic analysis of gene function and gene expres-
sion. Developmental toxicology and risk assessment are expected to benefit in
major ways from the new methodologies and information, namely, in the analysis
of gene-environment interactions in human development defects and in the analy-
sis of toxicant action on developmental processes.

A quarter to a half of the human developmental defects are believed to be
attributed to interactions of the genotype and environment—that is, the exposure
of individuals of a particular genetic composition to particular environmental con-
ditions to which they are more sensitive than are others. Complex gene-environ-
ment interactions present a great challenge to developmental toxicology. The
best epidemiological methods, the most discriminating molecular assessments of
exposure and effect, and the most detailed analysis of genetic differences will be
needed to make progress in understanding gene-environment interactions. Re-
cent improvements in high-throughput sequencing of the human genome and in
the identification of polymorphic markers conveniently spaced along each chro-
mosome increase the chances for progress in this direction. Within this new area
of molecular epidemiology, recent insights into human differences in activity
levels of various DMEs and the genetic basis for those differences, offer great
promise. Other kinds of gene products that might be important in susceptibility
but are less well known, include components of developmental processes, par-
ticularly the components of signal transduction pathways and genetic regulatory
circuits. These components will be discussed in later chapters.

Methods now are available to describe patterns of simultaneous expression
of thousands of genes of developing cells and tissues and, in principle, to de-
scribe the changes of expression in the embryos of normal experimental animals
and those following testing with toxicants. The use of such methods is expected
to improve the categorization and analysis of toxicant-induced developmental
defects.

The amount of data generated by modern genomic methods is prodigious.
For the full benefit of the data, departments or divisions of bioinformatics in
universities and industries will be needed to keep track of the data and to analyze
it with respect to questions about genome organization and function.
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Recent Advances in Developmental Biology

The absence of an incisive understanding of the action of toxicants on devel-
opment has been in large part attributable to the absence of understanding of
development itself. Until a few years ago, there was no understanding of a “de-
velopmental mechanism” at the molecular level although there were explanations
at the cellular and tissue levels, such as “gastrulation is the mechanism by which
the organization of the egg is transformed into the organization of the embryo.”
Recent advances in developmental biology have been substantial enough for sci-
entists to be confident for the first time that some aspects of development in some
organisms are understood at the molecular level. Protein components are identi-
fied, their functions in developmental processes are known, and the time and
place in the embryo of expression of the genes encoding them are known. This
knowledge greatly benefits elucidating the mechanisms of developmental toxic-
ity.

In this chapter, the committee, in response to its charge, evaluates the state of
the science for elucidating mechanisms of developmental toxicity and presents
insights of developmental biology. It will show the promise of the subject in the
next decade for understanding the action of developmental toxicants.

A BRIEF HISTORY OF DEVELOPMENTAL BIOLOGY

Observations of embryos and embryonic stages were made and recorded in
antiquity (e.g., Aristotle, fourth century BC) and with increasing attention in re-
cent centuries (e.g., Malphigi in the 1600s, Wolff in the 1700s, and von Baer in
the early 1800s). However, it was only in the late nineteenth century that scien-
tists pursued a detailed description of the embryonic stages of a variety of verte-
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brates and invertebrates, aided by the then-recent improvements in light micros-
copy and in staining methods and stimulated by Darwin’s proposals that the study
of ontogeny (i.e., the animal’s embryonic development) holds clues to phylogeny
(i.e., its evolutionary origin). Among the highlights during the period of 1880-
1940 were the detailed anatomical descriptions of developmental stages of em-
bryos, including the first atlas of human embryos, reconstructed from microscopic
sections, published by W. His, Sr., in 1880-1885. In vertebrate embryology,
these descriptions revealed the organogenesis of the heart, kidney, limbs, central
nervous system (CNS), and eyes. Developmental-fate mapping studies revealed
the embryonic sites of the origin of cells of the organs and the rearrangements of
groups of cells in morphogenesis. The stages of development were found to
include, in reverse order, cytodifferentiation, organogenesis, morphogenesis (gas-
trulation and neurulation), rapid cleavage, fertilization, and gametogenesis. By
the 1940s, anatomical descriptions of the embryos of related animals were inte-
grated into coherent evolutionary schemes, taught in comparative embryology
classes, revealing, for example, the modification of the gill slits of jawless fish to
the jaw of jawed fish and further modification to the middle ear of mammals.
Also, by this time, Haeckel’s oversimplified scheme had been abandoned, namely,
that ontogeny merely recapitulates phylogeny.

Experimental embryology also began in the late 1800s. In experimental stud-
ies, which mostly involved techniques of cell and tissue transplantation and re-
moval, the central role of cytoplasmic localizations and cell-lineage-restricted
developmental fates was recognized in the development of certain invertebrates
by the early 1900s. In vertebrate development, the importance of inductions (also
called tissue interactions) was recognized in the 1920s, following the stunning
organizer transplantation experiments by Spemann and Mangold (1924) on newt
embryos. By the 1950s, inductions had been found in every stage and place in the
vertebrate embryo, for example, in all the kinds of organogenesis. Vertebrate
development, including that of mammals, had become comprehensible as a
branching succession of inductive interactions among neighboring members of
an increasingly large number of different cell groups of the embryo.

Developmental mechanisms, as understood even in the 1970s, were descrip-
tions of the movements and interactions of cells or groups of cells. They were
cellular- or tissue-level mechanisms. The all-important “inducers” were materi-
als of unknown composition released by one cell group and received by another
group. Consequently, the recipient cells took a path of development different
from the one that would have been taken if they were unexposed. The progres-
sion or momentum of development also was recognized: that the individual events
of interactions and responses are time-critical, and that certain subsequent aspects
of development never occur if one event is prevented.

Molecular mechanisms, however, were not understood at that time. Embry-
ologists encountered the limits of the field in the 1940-1970 period, as they tried
to discover the chemical nature of inducers and the responses of cells to them.
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The basic information and methods of biochemistry, molecular biology, cell biol-
ogy, and genetics were not yet available to analyze cell-cell signaling and tran-
scriptional regulation in embryos. In light of discouraging results, some embry-
ologists considered that the organizer concept was faulty and that inducers were
an experimental artifact (see later discussion for recent successes in understand-
ing inductions). Although Morgan and other early geneticists had proposed that
inducers and cytoplasmic localizations elicit specific gene expression and that
development was in large part a problem of ever-changing patterns of gene ex-
pression (Morgan 1934), the means were not at hand to pursue those insights.
Roux, Spemann, and Harrison had outlined plausible lines of inquiry into deter-
mination and morphogenesis in the early part of the twentieth century; however,
the means were also not available to pursue those questions at that time.

To many scientists in the 1940-1970 period, the study of development seemed
messy and intractable. Researchers turned to more informative subjects such as
the new molecular genetics of bacteria and phages (viruses that infect bacteria).
From those inquiries came new insights in the 1950-1965 period on the nature of
the gene and the code and the processes of replication, transcription, translation,
enzyme induction, and enzyme repression. For example, it was only in 1961 that
Monod and Jacob described gene regulation in bacteria in terms of promoters,
operators, and repressor proteins (Monod and Jacob 1961). Those authors imme-
diately saw the relevance to animal development. All of their insights made
possible the invention of techniques for gene isolation and amplification, for in
vitro expression of genes, for genome analysis, and, thereafter, for the new devel-
opmental biology.

With so little molecular information about developmental processes, there
was scarcely any understanding of the action of developmental toxicants. For
example, Wilson (1973) in his book Environment and Birth Defects could only
raise the following possibilities for connections between inductions and develop-
mental defects:

It has long been accepted that cell interactions (induction) are an important part
of normal embryogenesis, despite the fact that specific “inducer substances”
have not been identified. [Failures] of normal interactions which may lead to
deviations in development include, for example, lack of usual contact or proxim-
ity, as of optic vesicle with presumptive lens ectoderm; or the incompetence of
target tissue to be activated in spite of its usual relationship with activator tissue,
as in certain mutant limb defects; or the inappropriate timing of the interrelation,
even though all parts are potentially competent. That the nature of cell-to-cell
contacts and the manner of their adhesion are important determinants in both
normal and abnormal development has been demonstrated.... Insufficient or
inappropriate cellular interactions usually result in arrested or deviant develop-
ment in the tissue ordinarily induced or activated by the interaction.

This committee will later argue that Wilson’s insight was well directed and is
now ready to be pursued.
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ADVANCES IN DEVELOPMENTAL BIOLOGY

In the past 15 years, developmental biology has advanced remarkably, per-
haps as at no other time in the field’s history. It is now known that the trillions of
cells of a large animal, such as a mammal, have the same genotype, which is the
same as that of the single-celled zygote (the fertilized egg) from which the animal
develops. That is to say, the genetic content of somatic cells does not change
during the development of most animals. The recent clonings of Dolly the lamb
(Wilmut et al. 1997), the Cumulina mouse family (Wakayama et al. 1998), and a
nonhuman primate (Chan et al. 2000) reaffirm the fact that a specialized cell,
such as a mammary or cumulus cell, carries the genes for all other kinds of cells
of the animal. The scientific advances that led to these clonings were built on
earlier nuclear transplantation successes in frogs, first by Briggs and King (1952),
but particularly by Gurdon (1960), which had led to similar conclusions for a
nonmammalian vertebrate. Despite the same genes, the cells within the indi-
vidual organism differ greatly in their appearance and functions, meaning that
they have the same genotype and different phenotypes. The cell types differ
greatly in the ribonucleic acids (RNAs) and proteins contained within them. They
differ in which subset of genes they express from their total genomic repertoire.
At least 300 cell types are recognized in humans (e.g., red blood cells, Purkinje
nerve cells, and smooth or striated muscle cells). The number of cell subtypes is
much larger, perhaps numbering tens of thousands, when further differences are
taken into account related to the cell’s stage of development and location in the
body, as has been discovered in recent years. Development can be viewed as
evolution’s crowning example of complex gene regulation. From the single ge-
nome, thousands of different gene combinations must be expressed at specific
times and places in the developing organism, and from the developing egg the
information for the selective use of combinations must be generated.

A major factor in this regulation is the transfer of chemical information (i.e.,
signals) between cells during development. From recent research, which has
built on earlier findings, the following is now realized:

* Embryonic cells of arthropods and nematodes make many of their devel-
opmental decisions based on which chemical signals they receive from other cells
just as vertebrate embryonic cells do. Later the embryonic cells of all these or-
ganisms will make further decisions based on other signals. The cycles of signal-
ing and responding are repeated over and over as development progresses. With
that in mind and the fact that one genotype supports hundreds or thousands of
cellular phenotypes, development can be said to rely on “genotype-environment
interactions,” where the local environment of each cell is generated by neighbor-
ing groups of cells. The genotype and cell’s previous developmental decisions
determine its options for responses to the signals currently present (Wolpert 1969).

» The signaling pathways involved in this information transfer are known to
be of 17 types (a few more may remain undiscovered). They are used repeatedly
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at different times and places in the embryo, from the earliest stages through orga-
nogenesis and cytodifferentiation, and even in the various proliferating and re-
newing tissues of the juvenile and adult (see Appendix C).

» The signaling pathways are highly conserved across a wide range of phyla
of animals (from chordates to arthropods to roundworms), presumably because
they were present and already functional in the pre-Cambrian common ancestor
of those animals.

* Many of the kinds of cell responses to signals also are conserved (e.g.,
responses of selective gene expression, secretion, cell proliferation, or cell migra-
tion). The response of developing cells to signals involves activation or repres-
sion of the expression of specific genes by transcription factors contained within
genetic regulatory circuits. Signaling pathways frequently affect the activity of
those factors. Many of the transcription factors and circuits are conserved across
a wide range of phyla of animals.

Thus, an effective and general approach to the experimental analysis of de-
velopmental processes at all stages has been to inquire about the signaling path-
ways and transcriptional regulatory circuits that operate in the particular instance
of development under study. Different organisms, which differ in aspects of their
development, nonetheless use the same conserved signaling pathways and regu-
latory circuits, but in different combinations, times, and places, and have differ-
ent genes as the targets of their transcriptional regulatory circuits. Processes of
development, which seemed to confront scientists with infinite complexity and
variety just a few years ago, now seem interpretable as composites of a small
number of conserved elemental processes, namely, those of intercellular signal-
ing, intracellular regulatory circuits, and a limited variety of targeted responses.
These conclusions, which were reached by the analysis of development in ani-
mals as remote as mice, flies, and nematodes, give great validity to the use of
model organisms in studying mammalian development, including that of humans,
and in the future analysis of the action of developmental toxicants and in their
detection.

Although the signal-response pathways are highly conserved, evolution has
produced an increasing complexity of the “community” of pathways in verte-
brates. This complexity is evident both in the increased number of closely related
pathway components (diversifed protein family members) and in the increased
possibilities for cross-talk among pathways. The redundant function of closely
related components was made evident by existence of numerous targeted gene-
knockout mutations in the mouse that produced little or no identifiable pheno-
types—that is, the mice are normal or nearly normal under laboratory conditions
(see Table 6-5, later in this chapter). It must be emphasized, however, that func-
tional redundancy provides two advantages. It protects the organism by ensuring
that a fundamental process can proceed even in the absence or reduced presence
of a critical gene activity. On an evolutionary scale, the multiplicity of overlap-
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ping functions provides a basis for generating diversity without losing essential
functionality.

The Drosophila Breakthrough

The recent molecular understanding of developmental processes and compo-
nents was gained from the experimental analysis of a few model organisms such
as Drosophila melanogaster (the fruit fly), Caenorhabditis elegans (a free-living
nematode), Danio rerio (the zebrafish), Xenopus laevis (a frog), the chick, and
the mouse (see Chapter 7 for proposals about their use in the assessment of devel-
opmental toxicities). D. melanogaster and C. elegans were chosen by research-
ers for their amenability to genetic analysis, afforded by their small size (hence,
large populations) and short life cycle (hence, many generations). Niisslein-
Volhard and Wieschaus (1980) began a systematic search for developmental
mutants of Drosophila in the mid-1970s. They submitted adults to high-frequency
chemical mutagenesis and then inspected large populations of offspring for mu-
tant individuals with strong and early developmental defects (before hatching) at
discrete locations and discrete stages in the embryo. They discarded mutants
with weak or pleiotropic effects as ones too difficult to analyze at their start.
They examined mutagenized flies until the same kinds of mutants began to ap-
pear repeatedly in their collections. The recurrence was evidence that they had
obtained all the different kinds of zygotic mutants (those affected in genes tran-
scribed after fertilization) that mutagenized flies could yield under the conditions
of inspection. This procedure is called “saturation mutagenesis,” in which all the
susceptible genes whose encoded products are important in development are
thought to be revealed. Several laboratories, including those of Niisslein-Volhard
and Wieschaus, were also collecting maternal-effect mutants (those affected in
genes transcribed in female germ cells before fertilization) and pursued this search
to saturation.

The Drosophila mutants were categorized by phenotype and complementa-
tion behavior (putting two mutations together in a heterozygote to see whether
they are alike or different) to establish the number of different genes whose muta-
tions give the same phenotypic defect of development. Their categories included
those embryos failing to develop the anterior or posterior end, odd or even seg-
ments, dorsal or ventral parts, mesoderm, endoderm, or nervous system. Further
mutant combinations were made to establish epistasis (the interaction of different
gene products, reflected in the dominance of one mutant defect over another) and
to deduce plausible developmental pathways in which the actions of the encoded
gene products could be related and ordered. By the late 1980s, a solid base of
observations of Drosophila mutant phenotypes and gene locations had been built,
and ordered pathways of function based on the mutant interactions had been pro-
posed. This information served as the foundation for future molecular genetic
analysis. The research was the first systematic and exhaustive approach to under-
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standing an organism’s development and to identifying components of develop-
mental processes.

Synergy with Research Advances in Other Areas

Meanwhile, other researchers worldwide made advances in biochemistry,
molecular biology, cell biology, and genetics. They learned an enormous amount
about the function of proteins in replication, transcription, translation, secretion,
uptake, membrane trafficking, cell motility, cell division, the cell cycle, cell ad-
hesion, and apoptosis (programmed cell death), to mention but a few of the cellu-
lar processes. Researchers improved the methods to isolate genes, sequence them,
manipulate sequences, make transcripts in vitro, detect messenger (m)RNAs in
cells by in situ hybridization, translate RNAs to proteins in vitro, and make anti-
bodies to proteins. In situ hybridization, which graphically revealed the time and
place of expression of specific genes in the embryo, was to prove particularly
important for connecting the new molecular analysis to the older developmental
anatomy. Much of the work was initially done with single-celled organisms:
bacteria, yeast, or animal cells in culture. Some insights and techniques came
from the study of cancer cells in the search for oncogenes.

In the course of that work, many of the processes, protein functions, and
protein sequences were found to be strongly conserved among organisms as di-
verse as yeast and humans or even bacteria and humans. Various proteins of
different organisms, and also within the same organism, shared “sequence mo-
tifs” by which the protein could be recognized as a member of a protein family
with a particular function and descended from a common sequence ancestor.
Newly discovered proteins could be assigned a function from just their posses-
sion of a particular motif. As more motifs were found, it will be easier to cat-
egorize newly discovered proteins. For example, receptor tyrosine kinases were
recognizable by their transmembrane hydrophobic motifs and adenosine triph-
osphate (ATP)-binding domains. G-protein-linked receptors could be distin-
guished by a seven-pass (serpentine) transmembrane motif. Transcription fac-
tors could be recognized by the sequence motifs of their deoxyribnucleic acid
(DNA) binding domains (e.g., zinc finger, basic helix-loop-helix, homeodomain,
or leucine zipper domains). Of the recently sequenced genomes of yeast and C.
elegans, for example, about 40% of the open reading frames (ORFs) are recog-
nizable by known motifs (Chervitz et al. 1998). Function can be assigned, at
least preliminarily, to the products of those genes. Plans are afoot to define the
function of the missing ORFs of yeast and make the functions of all proteins
assignable from sequence. At the same time, there are plans to identify a large
number of protein-binding sequences in the regulatory regions of genes to be
able to predict better the conditions of expression of genes. These plans are
among the aims of “functional genomics,” as described in Chapter 5. All the
information on sequences, motifs, and function is stored in databases available
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to researchers worldwide (e.g., the Basic Local Alignment Search Tool (BLAST)
<http://www.ncbi.nlm.nih.gov/BLAST/>).

Drosophila Development at the Molecular Genetic Level

By the time the Drosophila mutants were characterized in the mid-1980s,
techniques were well-suited for molecular genetic analysis of affected genes and
gene products. This part of the work moved quickly, thanks to gene-cloning
techniques, background information about gene sequence motifs and protein
function, and databases available to researchers worldwide. The successful iso-
lation of a gene responsible for a developmental phenotype (when the gene was
mutated) could be validated by the rescue of the mutant phenotype by transfor-
mation with the wild-type gene (usually as DNA included in a P-element
transposon). In situ hybridization, coupled with color stains, readily revealed
the normal time and place of expression of the specific genes whose mutations
had been isolated. Regarding the function of these developmental genes, many
were found to encode proteins with familiar motifs, such as those for receptor
tyrosine kinases or various transcription factors. In fact, a surprisingly large
number turned out to be transcriptional regulators. Function could be rapidly
concluded from sequence data. Other Drosophila genes encoded proteins whose
specific functions were unknown, yet they were recognizable generally as se-
creted proteins by their signal sequences or as new transcription factors by the
fact they accumulated in nuclei and could bind to DNA. In the course of this
analysis, new intercellular signaling pathways were discovered, such as those
involving the Decapentaplegic (DPP), Hedgehog (HH), Wingless (WG), and
Notch/Delta ligands. (The whimsical names are those given by researchers to
mutants based on the phenotypes.)

Hundreds of laboratories worldwide joined the work on Drosophila mutants,
and the picture of early development took on a satisfying coherence and clarity,
especially the steps of generation of segmentation and of the overall body orga-
nization in the anteroposterior and dorsoventral dimensions. These steps of early
development are known collectively as “axis specification.” The following is a
brief summary of that picture to illustrate its completeness at the molecular level.
The steps are stage-specific mechanisms of development. The mechanisms are
now better understood in Drosophila than in any other organism. It is the kind
of information scientists would like to have, but do not yet have, for mammalian
development.

At the start of Drosophila development, the oocyte is provisioned with hun-
dreds of maternal gene products that are uniformly distributed in the egg during
oogenesis. Four gene products are spatially localized in the egg, however, and
they provide the initial asymmetries on which the entire anteroposterior and dor-
soventral organization of the embryo is built stepwise in development after fer-
tilization. The four gene products include the following:
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1. An mRNA located internally at the anterior end (encoding a transcription
factor, named Bicoid).

2. An mRNA located internally at the posterior end (encoding an inhibitor of
the translation of the mRNA for a transcription factor, named Nanos).

3. An external protein anchored to the egg shell at both ends of the egg
(involved in the production of a ligand of a receptor tyrosine kinase in the egg-
cell plasma membrane).

4. An external protein also anchored to the egg shell but at the prospective
ventral side (involved in the production of a signal ligand of the Toll receptor in
the egg-cell plasma membrane).

To exemplify the steps of use of those gene products, only one of the di-
mensions, the anteroposterior, will be described. The two mRNAs are initially
at opposite ends of the egg. They are translated after fertilization, and the en-
coded proteins diffuse from the ends to form opposing gradients reaching to the
middle of the egg. These proteins will act in concert to generate a gradient,
high at the anterior end and low at the posterior end, of another transcription
factor. The nuclear number increases rapidly in the uncleaved cytoplasm. The
graded transcription factors, called members of the “coordinate class” or “egg-
polarity class” of gene products, activate at least eight gap genes in nuclei along
the egg’s length at different positions, each position unique in terms of the local
quantity of transcription factors of the coordinate class. (The terms “coordinate,”
“egg polarity,” and “gap” also derive from mutant phenotypes.) The encoded
gap proteins, which are all transcription factors themselves, accumulate in a pat-
tern of eight broad and partially overlapping stripes along the egg’s length. The
proliferating nuclei are not yet separated by cell membranes—that comes later.
These proteins in turn activate at least eight pair-rule genes, all of which also
encode transcription factors. Complex cis-regulatory regions of the various pair-
rule genes define their expression responses to the spatially distributed gap pro-
teins. The pair-rule proteins then activate at least 12 segment-polarity genes,
some of which encode transcription factors and some of which encode secreted
protein signals. The pair-rule and gap proteins together also activate eight
homeobox (Hox) genes to be expressed in broad stripes, as discussed in the next
section. Thus, the early steps of development involve cascades of transcription
factors distributed in space according to the initial gradients of a few agents and
to the expression rules contained in the complex cis-regulatory regions of genes
for yet other transcription factors. These key steps are accomplished in the first
3 hours of development, mostly before cell membranes are formed and gastrula-
tion begins, although the final elaboration of the segment-polarity and Hox genes
occurs after cells form.

Once the segment-polarity genes and Hox genes are activated, they maintain
their expression in cells by an auto-activating circuitry, in some cases by the
encoded transcription factor activating expression of its own gene. The coordi-
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nate, gap, and pair-rule proteins are then no longer needed. Their products disap-
pear, and the genes are no longer expressed.

Similar conclusions apply to the development of the termini and the dors-
oventral dimension, which also rely on initially asymmetric signals. The devel-
opmental mechanisms of the termini and dorsoventral dimension are of addi-
tional interest, because the signals bind to transmembrane receptors and activate
signal transduction pathways, eventually leading to the activation of transcription
factors and new gene expression. These inductions are the first to occur in the
developing Drosophila egg. Approximately 100 genes and encoded gene prod-
ucts have been identified as necessary to establish the organization of the early
gastrula. Hundreds more participate in the accomplishment of these events, but
they are less well described at present. In most cases, these genes probably en-
code proteins required in numerous developmental processes and, hence, were
not recovered under the conditions of the mutant inspections used here.

As shown in Figure 6-1A-D, a coherent scheme of early development was
proposed and well supported by 1992, the first of such complexity and complete-
ness at the molecular level for any organism.

Time  Stage of Development Regulated gene expression
(min)
0 Egg coordinate (maternal) proteins
ap genes
60 Syncytium of gap i
500 nuclei ...+ §2p proteins
. o "‘ .
100  Syncytium of pair rule genes
2000 nuclei pair rule proteins -...,
""" i g \
Cellular segment polarity genes ) Hox genies )
120  Blastoderm Y
of 6000 cells segment polarity proteins Hox proteins
| 1
I I
180 Gastrula 14 parasegments 8 HOX domains
\J \J
Larva 14 segments 8 HOX domains

FIGURE 6-1A Outline of anteroposterior development in Drosophila and the steps of
regulated gene expression (Ingham 1989). Heavy dashed arrows indicate the activation of
specific gene expression by transcription factors. Thin solid arrows indicate transcription
and translation. Note that Hox genes are activated by both pair-rule and gap proteins,
whereas segment-polarity genes are activated by pair-rule proteins alone. In the antero-
posterior dimension, segments and HOX domains are formed. Further explanation is given
in Figure 6-1B.
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bicoid mRNA nanos MRNA

Bicoid protein Nanos and Cad
gradient protein gradients

Domains of expression of " Domains ("7 stripes") of expression of each of 8
8 gap genes *,, kinds of pair rule genes (only one kind shown)

A

Domains ("14 stripes") of expression of each of 8 Domains of expression of 8
segment polarity genes (only one kind shown) HOX genes

FIGURE 6-1B Anteroposterior development in Drosophila (Niisslein-Volhard 1991).
Figure 6-1B is shown diagrammatically here, for segment formation and HOX compart-
ment formation. The coordinate proteins Bicoid, Nanos, and Cad are translated from
mRNAs localized at the two poles of the egg during oogenesis. Translation generates
gradients of proteins. Bicoid and Cad are transcription factors, whereas Nanos protein
inhibits the translation of another translation factor (Hunchback) in the posterior half of
the egg. The graded transcription factors activate eight gap genes, and different factor
concentrations activate different gap genes. The gap proteins are also transcription fac-
tors. Each diffuses locally and inhibits other gap genes, setting up eight partially overlap-
ping stripes of gap protein along the egg’s length. The gap proteins activate eight pair-rule
genes, each of which has a complex cis-regulatory region and is activated by seven com-
binations of gap proteins, each making seven evenly spaced stripes of protein. Thus, there
are 8 X 7 or 56 stripes of pair rules along the egg’s length, arranged in 7-fold repeats. The
pair-rule proteins are all transcription factors. These activate eight segment-polarity genes,
each of which has a complex cis-regulatory region activated by at least two combinations
of pair-rule proteins, to give 14 stripes of expression each. Thus, there are 14 X 8 or 104
stripes of segment-polarity proteins. The 14-fold repeat is the basis for 14 segments of the
posterior head, thorax, and abdomen. The pair-rule and gap proteins together activate Hox
genes in eight domains in the posterior head, thorax, and abdomen. Cell outlines are not
shown, but cells are present in the two lowest panels.
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inactive Toll receptor (Vv )

Pipe protein
pep ) Spétzle ligand ()  activated Toll
receptor (A)

mesoderm
cross section

FIGURE 6-1C Dorsoventral development in Drosophila (Niisslein-Volhard 1991). The
egg shell contains Pipe protein on the future ventral side, deposited there during oogenesis.
After fertilization, the egg secretes several proteins into the space between the egg shell
and plasma membrane. Pipe activates one of the proteins, which then sets off others in a
protease cascade, the last member of which cleaves the Spitzle protein, releasing a ligand
that binds to the Toll transmembrane receptor, which is uniformly distributed over the egg
surface but ligand-activated only on one side. The activated receptor, via several intracel-
lular steps, activates the Dorsal protein, a transcription factor, which enters local nuclei
and activates two genes, Twist and Snail, which also encode transcription factors. Those
activate other genes for gastrulation and for mesoderm formation on the ventral side. Thus,
the Pipe protein is involved in a kind of mesoderm induction. Active Dorsal protein also
represses the Zen and Dpp genes on the ventral side. On the dorsal side, Dorsal protein
remains inactive and the Zen and Dpp genes are expressed. Laterally, there is enough
active Dorsal protein to repress Zen and Dpp but not enough to activate Twist and Snail.
Here, the Sog gene is permissively expressed and not repressed, preparatory to neurogenic
ectoderm formation. Thus, the dorsoventral dimension of the egg is divided into three
domains of gene expression. Later, the Sog protein is secreted and diffuses to the Zen,
Dpp region, inhibiting Dpp signaling and allowing the division of that region into two
subregions the prospective amnioserosa and prospective dorsal ectoderm.
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Torso-like protein (+) activated Torso receptor (¥ )

inactive Torso receptor (A )

acfivated Raf + MAPK (%) tll, hk gene expression

\ at termini

FIGURE 6-1D The development of termini in Drosophila (Niisslein-Volhard 1991). The
Torso-like protein is present in the egg shell at the two ends of the egg, deposited there
during oogenesis. After fertilization, the egg secretes several proteins into the space be-
tween the plasma membrane and egg shell. The proteins include proteases that are locally
activated at the end by the Torso-like protein and release a ligand that binds locally to the
transmembrane Torso receptor, a member of the RTK signal transduction family. The
activated receptor locally activates Raf and MAPK, which phosphorylate a transcription
factor locally, inhibiting its repression of genes and allowing local expression of the Tail-
less (Tll) and Huckebein (Hkb) genes involved in formation of the endoderm, terminal
ectoderm, and gut involution during gastrulation. Thus, the Torso-like protein is involved
in endoderm induction.

Hox Genes and the Drosophila Connection to Vertebrate Development

Even though researchers in other areas widely appreciated the breakthroughs
in Drosophila development, they questioned the relevance of the information to
vertebrate development. Vertebrates, as chordates, were thought to have branched
from arthropods long ago and last shared a very simple common ancestor in the
pre-Cambrian era (about 540 million years ago). The two groups were thought to
have evolved their segmentation and heads independently. One of the first sig-
nificant similarities between vertebrate and fly development came from work on
homeotic genes, now called Hox genes. As mentioned before, the Hox genes are
expressed in eight broad bands or spatial compartments in the anteroposterior
dimension of the body shortly after gastrulation but prior to organogenesis and
cytodifferentiation. Their encoded products make each spatial compartment dif-
ferent from the others.

The study of the eight Hox genes of Drosophila was primarily pioneered by
E. Lewis from 1940 to 1970. For his work in that area, he shared the Nobel Prize
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with Niisslein-Volhard and Wieschaus in 1995. Lewis selected Drosophila mu-
tants that exhibited mislocated body parts (e.g., wings in place of halteres (bal-
ancing organs) and legs in place of antennae). The term “homeotic” connotes
such mislocation without distortion. In the homeotic mutant, the anteroposterior
dimension of the animal has fewer anatomical differences along its length. For
example, the Ubx mutant has an extra mesothorax located at the normal metatho-
rax position but lacks a metathorax. It has four wings but no halteres, whereas
normal Drosophila have two wings and two halteres. When the first two Hox
genes (Ubx and Antp) were isolated, their sequences were compared (McGinnis
et al. 1984a,b; Weiner et al. 1984), and a shared 60-base sequence was found, the
homeobox. The sequence is the same in both genes except for a few bases. That
sequence encodes the DNA-binding motif of the encoded proteins, which are
members of a large and ancient family of transcription factors. The other six Hox
genes were soon isolated from Drosophila, and those too had closely related
homeobox sequences. Then the eight genes were shown to exist in a contiguous
cluster (actually two subclusters in D. melanogaster but one in another arthropod,
Tribolium), probably all tandemly duplicated and diverged from a few founder
sequences in an ancestor of arthropods. Furthermore, the members are expressed
in stripes in the anteroposterior dimension of the body, in an order identical to
their gene order on the chromosome (a correspondence referred to as “colinear-
ity” of gene order and expression).

In the mid-1980s frogs and mice were found to contain similar sequences,
also arranged in contiguous gene clusters. Interestingly, their expression in mice
showed the same anteroposterior colinearity as that in Drosophila. As an evolu-
tionary explanation, the common ancestor of arthropods and chordates must have
had a complex Hox cluster already functioning in its development. Vertebrates,
however, differ from arthropods in having at least four multi-member clusters
instead of one (Krumlauf 1994). A comparison of gene arrangements and do-
mains of expression in Drosophila and mammalian (mouse) Hox clusters is shown
in Figure 6-2.

Such genes are called selector genes because their encoded products, which
are transcription factors, select which other genes will be expressed in that spatial
compartment of the body. The thousands of target genes of a selector-gene prod-
uct encode proteins involved in subsequent local development, including the many
kinds of organogenesis of different parts of the body. Hox genes have a central
role in development. Because of them, the coordinate, gap, and pair-rule proteins
of early development do not have to directly activate those thousands of target
genes in a region-specific way but activate only the Hox genes, whose encoded
proteins then do the job of regulating sets of genes in their respective regions.
Methods for the directed knockout of genes in mice were invented by the mid-
1980s as a way to test gene function, and the Hox genes of mice were found to
control aspects of local development in their compartments, especially in verte-
brae, neural tube, and neural crest derivatives. Their selector role was similar to
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HOX gene expression
sites in a Drosophila
embryo.

Drosophila HOX
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gene cluster.
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the brain and branchial arches of mammalian embryos.

FIGURE 6-2 This figure illustrates the striking similarities of gene organization and
expression of Hox clusters in Drosophila and mammalian (mouse) embryos. At the top is
a 10-hour Drosophila embryo showing expression zones of individual Hox genes in tho-
racic (T1-3) and abdominal (A1-9) segments and parts of the head (Lab, labrum; Mx,
maxillary; Ma, mandible; Int, intercalary segment). Note the colinearity of Hox gene
expression sites along the anterior-posterior body axis to their 3" to 5" location along the
chromosome. The greatly expanded vertebrate Hox gene family is shown in the middle.
These genes are arranged in four clusters (labeled A, B, C, D), each on a separate chromo-
some. Having arisen by duplications early in chordate evolution, Hox genes in paralogous
groups (e.g., A4, B4, C4, D4; shown enclosed in dashed boxes) are more closely related
than are adjacent genes (e.g., B3 vs. B4 vs. B5). The four most 5" paralogous groups have
no close equivalent in arthropods; these are expressed in the tail and fins or limbs. Lines
extending from each paralogous group to the schematic brain and cranial spinal cord show
the rostral limits of expression of members on each group. Note, again, the colinearity
between expression sites and relative chromosomal position of most Hox genes. The same
is generally true for somites and, in the proximo-distal orientation, for limbs.
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that in Drosophila (Behringer et al. 1993). However, many of the target genes of
Hox proteins in mice and flies are clearly different.

The Hox clusters of Drosophila and chordates are under intense study. It is
now known that genes of four mouse clusters are coordinated in an elaborate
circuitry of auto- and cross-activation and repression, in which the genes near the
5" end of the DNA sequence tend to repress genes near the 3" end when both are
initially expressed in same cell. Equivalent paralogs in different clusters tend to
overlap in the target genes they activate and repress, but each has some unique
targets, as shown by the phenotypes of single-Hox knockout mutants of the mouse.
As a whole, the Hox genes operate as a complex genetic regulatory system rather
than as independent members.

More recently, the Hox-like Ems and Otd genes have been discovered in
Drosophila as expressed in the head in regions anterior to the expression com-
partments of the Hox genes. Homologs of these genes (called Emx and Otx) have
been found expressed in the head of the frog and mouse anterior to the Hox gene
domains of the posterior head, thorax, and trunk. This was a surprise, because
evolutionary biologists had thought that the vertebrate head is unique to that group
and has little in common with the head of a common ancestor of vertebrates and
arthropods. However, even that complexity of body organization, like HOX com-
partments, must predate the branching of arthropods and chordates.

The Emergence of Caenorhabditis elegans

The free-living nematode Caenorhabditis elegans emerged as an important
model system in the 1970s, as the result of pioneering work on its genetics by S.
Brenner (1974). Chosen for its short life cycle (3 days) and general amenability
for genetic analysis, small size (1-mm length), transparency, and simplicity (only
959 somatic cells), C. elegans quickly attracted a following among developmen-
tal biologists and geneticists. In particular, J. Sulston was primarily responsible
for first describing the complete cell lineage from fertilization to adulthood
(Sulston and Horvitz 1977; Sulston et al. 1983) and then spearheading the physi-
cal mapping and DNA sequencing of the genome. C. elegans recently became
the first metazoan organism whose genome is completely sequenced (C.elegans
Sequencing Consortium 1998). In the meantime, researchers from many labora-
tories isolated mutants and identified many important genes controlling develop-
ment, the result being that C. elegans is now the most completely described and
one of the best understood models for development (see Chapter 7). In some
ways, the development of vertebrates is more similar to that of C. elegans than of
Drosophila (e.g., having a cellular rather than a syncyctial early embryo), and in
other ways less similar (e.g., having a highly invariant cell lineage and a fixed
small number of cells, no Sonic Hedgehog signaling pathway, and few HOX
genes). These two model animals complement each other usefully for research
into fundamental mechanisms of metazoan development.
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Conserved Developmental Processes

Researchers increasingly suspected similarities of development between fruit
flies and mice and began to look systematically for homologs of Drosophila de-
velopmental genes in mice, frogs, and chicks. In the late 1980s, this was a new
research approach. Its success has favored the impression that at a gross level,
nematodes, flies, and mice are “all the same organism” and that what is learned
about one will have relevance to the others. In a genetically tractable organism,
such as Drosophila or C. elegans, a gene is isolated by using a screen for a par-
ticular kind of developmental failure, and then the role of its encoded product in
development is efficiently deciphered in that organism. Homologs of “develop-
mentally interesting” genes are then sought in vertebrates, such as mice or frogs,
in which mutant searches are still daunting due to the comparatively small popu-
lations and slow development. The homolog’s function is thereafter studied in
the vertebrate, for which the Drosophila or C. elegans information is used as a
guide. The mouse is attractive for such studies, because the homologous gene
can be knocked out and the phenotype of the null mutant examined to learn about
the function of the encoded product.

A surprising array of developmental components and processes is shared
between Drosophila and vertebrates (i.e., between arthropods and chordates). In
addition to the EMX, OTX, and HOX organization of the body plan, they share the
compartments of the dorsoventral dimension (which are thought to be inverted in
orientation in one group relative to the other); the presence and mode of organo-
genesis of limbs (appendages), eyes, heart, visceral mesoderm, and gut; the steps
of cytodifferentiation during neurogenesis and myogenesis; and even segmenta-
tion. Although the anatomical structures themselves are very different between
arthropods and chordates, a number of the underlying steps of development are
the same. These are listed in more detail in Table 6-1. The last common ancestor
of chordates and arthropods was, it seems, a pre-Cambrian animal of much greater
complexity than previously realized. Divergent groups of metazoa (members of
the animal kingdom) can be treated as “the same organism” in the experimental
analysis of many fundamentals of development. From all of those similarities,
the value of model systems for gaining an understanding of difficult basic prob-
lems in mammalian development, including that of humans, is undeniable. Hu-
mans, flies, and even roundworms are less different than widely thought just 10
years ago.

Signaling Pathways in Development

An important realization to come from the Drosophila research concerns the
pervasive use of cell-cell signaling in most aspects of development, starting with
the termini and dorsoventral dimension (see Figures 6-1A-D) and extending to
organogenesis of many kinds. Inductive signaling was thought to be important in
vertebrate development, as mentioned above, but insects and other invertebrates
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had been assumed to develop as composites of independent lineages of cells (“mo-
saic” development). This is not at all the case. Six signaling pathways are used
repeatedly in early Drosophila development: the Hedgehog, Wingless-Int (Wnt),
transforming growth factor B (TGFp), Notch, receptor tyrosine kinase (RTK),
and cytokine receptor (cytoplasmic tyrosine kinase) pathways. Comparative stud-
ies soon showed that these pathways exist in vertebrates as well, and most also
exist in nematodes (except the Hedgehog pathway). Four other conserved path-
ways in addition to those six are used heavily in later development, mainly in
organogenesis, and seven others come into use in the physiological functioning
of the organism’s differentiated cell types. The number of known pathways has
now reached 17. Each pathway is distinguished by its unique set of transduction
protein intermediates. The 17 pathways are listed in Table 6-2. Details of the
components and steps of the individual pathways are given in Appendix C.

As a generalization, most of the pathways involve transmembrane receptor
proteins that bind ligands at the extracellular face, as diagramed in Figure 6-3.
Ligands arrive in some cases by free diffusion after secretion from distant neigh-
bor cells. Others diffuse only short distances or remain attached to the surface of
the cell of origin, reaching only the contacting cells. Activated receptors of the
recipient cell activate the first intracellular component of a signal transduction
pathway, and this then activates a subsequent component, and so on. Some path-
ways are long, with 7-10 intermediates. Others have one or two. The nuclear
hormone receptor pathway is the shortest, having only one step. In this case,
hydrophobic ligands penetrate the cell membrane on their own and bind to a
receptor protein, which also functions as a transcription factor. In the longer
pathways, a change of activity is passed along a series of on-off switches, which
constitutes an information relay pathway, or signal transduction pathway. Ulti-
mately, in some pathways, a protein kinase is activated at the end of the series,
and that enzyme phosphorylates numerous target proteins, which change their
activity (activated or inhibited) because of the phosphate addition. The target
proteins are components of various basic cell processes, such as transcription, the
cell cycle, motility, or secretion. Hence, these processes are turned on or off, and
the change of function constitutes the cell’s response to a signal. In many other
pathways, a specific transcription factor is activated at the end of the pathway,
and this factor is a pathway component. In development, the most frequent target
of signaling pathways is indeed transcription. The pathways used in early devel-
opment tend to have transcription as the only target. That is, particular transcrip-
tion factors are phosphorylated or proteolyzed as a signal transduction step of the
pathway, changing their activity in activating or repressing particular genes.

The pathways are used repeatedly at different times and places of develop-
ment in Drosophila, nematode, and vertebrates, as listed in Table 6-3. Droso-
phila null mutants are usually lethal if they lack a step in any of those pathways.
Lethality is an indication of the essentiality of those signaling functions. How-
ever, in the mouse (and probably all vertebrates), a null mutant for a step of a
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TABLE 6-2 The 17 Intercellular Signaling Pathways

Period During Development Signaling Pathway Used
Early development (before organogenesis and 1. Wingless-Int pathway
cytodifferentiation) and later (during growth 2. Transforming Growth Factor B (receptor
and tissue renewal) serine and threonine kinase) pathway
3. Hedgehog pathway

4. Receptor tryrosine kinase (small G
proteins) pathway

5. Notch-Delta pathway

6. Cytokine receptor (cytoplasmic tyrosine
kinases) pathway (STAT pathway)

Middle and late development (during 7. Interleukin-1-Toll Nuclear Factor-Kappa B
organogenesis and cytodifferentiation) and pathway
later (during growth and tissue renewal) 8. Nuclear hormone receptor pathway
9. Apoptosis pathway
10. Receptor phosphotyrosine phosphatase
pathway

Larval and adult physiology (after cell types 11. Receptor guanylate cyclase pathway
have differentiated) 12. Nitric oxide receptor pathway
13. G-protein coupled receptor (large G
proteins) pathway
14. Integrin pathway
15. Cadherin pathway
16. Gap junction pathway
17. Ligand-gated cation channel pathway

Note: The pathways are shared by most animals (metazoa). Note the six pathways used heavily in
the early development of most animals (i.e., at stages before organogenesis and cytodifferentiation
begin). Along with those pathways, four more are used in later development in the periods of orga-
nogenesis and cytodifferentiation, growth, and tissue renewal. Seven pathways are used mostly in the
physiological function of differentiated cells; much of that function also involves signaling. Each
pathway is identified by the particular transduction intermediates it contains. Most pathways are
unique to metazoa, although components of each are often found in single-celled eukaryotes in other
signaling roles, such as pathways of checkpoint control, stress response, infection response, mating,
and feeding.

pathway is often not lethal. The mutant is born with a limited abnormality of
anatomy and sometimes of behavior. The genetic basis for some of these mouse
developmental defects is fully known. In some cases, the mutant mice live to
adulthood and reproduce.

Are the signaling pathways less important in vertebrate development than in
Drosophila? No, the nonlethality in vertebrates reflects the fact that the pathways
have a substantial redundancy of signaling components. It is postulated that early
in vertebrate evolution (as jawless fish arose), the genome underwent a quadru-
plication (Holland et al. 1994). In addition, some genes underwent tandem dupli-
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Activation or inactivation of cell cycle proteins, ion channels, transcription factors,
enzymes (metabolism), secretion (including release of other signals), cell motility,
cytoskeletal changes, proteolysis, apoptosis (cell death), stress responses, and
other receptors and kinases.

FIGURE 6-3 A generalized signal transduction pathway (information transfer via a series
of on-off switches. The active ligand is shown on the left, approaching the transmembrane
receptor protein. Inside the cell is a multistep signal transduction pathway composed of
switch-like intermediates, A, B, and C, that can exist in active and inactive states. In the
absence of signal, the intermediates are inactive. During binding, the receptor becomes
active and activates one intermediate that activates the next, and so on in series, until
eventually a protein kinase is activated. This pathway transfers information, not energy or
materials. The kinase enzyme is specific for transferring phosphate from adesine triphos-
phate to a serine, threonine, or tyrosine residue of select protein targets within the cell.
Phosphorylated target proteins change activity, becoming either active or inactive, and
therefore the basic cellular process of which they are a part, changes activity. In this way,
the signal has effects (i.e., it triggers cellular responses). Target proteins might be compo-
nents of the processes of transcription, translation, the cell cycle, cell movement, differen-
tiation, or other signaling pathways. Transcription is a particularly frequent target. Four-
teen of the 17 involve transmembrane receptors; the other two involve intracellular
receptors and the ligands pass through the plasma membrane readily.

cations. Many of the initially identical genes later diversified their sequences,
leading either to diversified functions of encoded products or to diversified cis-
regulatory regions setting different conditions of expression. Despite this diver-
sification, extensive redundancy still remains. For example, there are more than
24 TGFp ligand genes and 11 Wnt ligand genes in mouse, but only 3-5 TGF and
1-3 Whnt genes in Drosophila. In mouse development, the various genes for a
single step of a single kind of signaling pathway are expressed at different times
and places in the embryo. When one gene is knocked out, the defect in develop-
ment is limited in scope to a few times and places where no related gene is ex-
pressed to provide overlapping function.
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TABLE 6-3 Various Uses of Signaling Pathways in Vertebrate Development

Pathway Use

‘Wnt pathway Dorsalization of the body (fish, frogs) induction of the organizer or
node; posteriorization of the neural plate, midbrain development;
dermamyotome induction, somite dorsoventral organization;
dorsalization of the fin or limb; female reproductive
development; kidney development; dorsoventral differences of
limb, hematopoiesis

Transforming growth Mesoderm induction; induction of organizer, left-right asymmetry;
factor B pathway ventralization of mesoderm and ectoderm; neural-crest
(BMP,TGFp, GDF, development to neurons; chondrogenesis of limb, bone
VEGR, Nodal, Activin, development; digit-web spacing, tooth, heart; notochord
Dorsalin) induction of floor plate of neural tube; notochord and floor-plate

induction of sclerotome of somite; prechordal mesoderm
induction of prosencephalon; left-right asymmetry,
somitogenesis, lung; fin or limb development; zone-of-
polarizing-activity (ZPA) induction of anteroposterior axis; gut
and visceral mesoderm, hair follicle, skin, and tooth
development; spermatogenesis
Hedgehog pathway Notochord induction of floor plate of neural tube; notochord and

(Sonic, Indian, Desert) floor-plate induction of sclerotome of somite and the
dorsoventral organization of neural tube; prechordal mesoderm
induction of prosencephalon; inhibit cyclopia; ZPA induction of
anteroposterior axis of fin or limb development; gut and visceral
mesoderm development; hair development

Receptor tyrosine Mesoderm maintenance; limb (apical ectodermal ridge),
kinase pathway vasculogenesis; hair follicle, inner ear, retinotectal projection;
(EGF, FGF, PDGF, astrocyte differentiation, branchial arch signal to neural crest;
EPH) heart, lung, and tooth development
Notch-Delta pathway Several steps of neurogenesis; oligodendrocyte differentiation,
(Delta, Serrate, Jagged) retina development; somitogenesis, inner-ear development;
feather-bud development; blood-cell development (e.g.,
thymocytes)

Note: These pathways are used repeatedly in early development. The particular uses in developmen-
tal processes are well conserved across vertebrates.

As shown in Table 6-4 and Table 6-5, many single-null mutants of the mouse
are born live and have minimal defects that can be scored as developmental de-
fects (e.g., skeletal abnormalities). Some have motor coordination defects, such
as the WNT1 null mutant, which lacks the entire cerebellum. Some live for a few
days, and others reach adulthood and are fertile. In Table 6-4, five pathways are
surveyed partially (one or two components eliminated per pathway). In Table 6-
5, one pathway is surveyed exhaustively (all components eliminated one at a
time). Each kind of mutant is defective for one component of one signaling
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pathway. Of relevance to this report, some mutant phenotypes resemble those of
animals treated in embryogenesis with various developmental toxicants. Said
otherwise, some toxicant treatments produce phenocopies of mutants. For ex-
ample, SHH mutants have cyclopia, as do normal embryos treated with
cyclopamine (Beachy et al. 1997). Researchers of human developmental defects
have benefitted by analysis of these mouse developmental defects for which the
genetic defects are accurately known.

Antagonists of Signaling

Although only a small number of signaling pathways operate in early devel-
opment, these have several regulatory features of relevance to developmental
toxicity. One is that many of the pathways engage in “cross-talk” with one an-
other, so that activation of one enhances or suppresses the activation of another.
Cross-talk occurs at all levels, from effects on ligand availability to effects on
target function. For example, the active RTK pathway can lead to phosphoryla-
tion and activation of GSK3 in the Wnt pathway, or phosphorylation and inacti-
vation of a SMAD protein of the TGFP pathway. Signaling via one pathway,
such as the SHH pathway, can lead to repression of gene expression of the com-
ponents of another pathway, such as the Nodal TGF( pathway. Signaling via the
RTK or Wnt pathways can negatively affect signaling via the Notch pathway.

A second regulatory feature is the production by cells of antagonists of sig-
naling, some of which are listed in Table 6-6. For example, embryonic cells can
produce proteins, such as Chordin or FRZB, that bind directly to the BMP4 or
WNTS ligands, respectively, and block their capacity to bind to their receptors.
Hence, signaling is prevented even though the signal is present. The Chordin
protein is further regulated by a protease that degrades it, an antiantagonist. Thus,
the pattern of activity of a signaling pathway is subject to extensive modulation,
both positive and negative. Several kinds of adjacent cells can affect the outcome
of signaling. It is plausible that some of these antagonist proteins are targets of
toxicants. Disrupting the activity balance of agonists and antagonists in a region
of the developing embryo would be expected to disrupt development, leading to
the over- or under-development of an organ. That could occur without a change
in level of the agonist or antagonist.

Finally, in many pathways, the operation of the pathway leads to the genera-
tion of self-inhibiting components in the cells receiving signals, a feedback
mechanism, which is thought to have importance in the controlled spatial re-
sponses of cells to diffusible signals. Toxicants upsetting these feedbacks would
upset development.

Molecular-Stress Pathways and Checkpoint Pathways

Molecular-stress pathways and checkpoint pathways are not pathways of in-
tercellular signaling but of intracellular signaling, reflecting an individual cell’s

Copyright © National Academy of Sciences. All rights reserved.
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sensing of disruptions of normal cell function and development due to either
physical or chemical agents of the environment (the molecular-stress pathways)
or the cell’s own internal imbalance or errors in its synthetic activities (the check-
point pathways). These pathways are widely present in single-celled eukaryotes
(e.g., yeast) and even prokaryotic cells, as well as in animals. Several molecular-
stress and checkpoint pathways are listed in Table 6-7 and illustrated in
Appendix C.

Molecular-stress pathways are activated when the cell suffers some chemical
alteration, such as damage to DNA (e.g., by X-ray, UV, or alkylating agents) or
denaturation of proteins (e.g., by hyperosmotic conditions, oxidation, heat, or
alcohol). The cell’s signaled response is one of repair and homeostatic counterac-
tion. In the case of the cytosolic unfolded protein pathway (previously called the
“heat shock response”), chaperone proteins, such as Hsp90, help to refold dena-
tured proteins, restoring their activity. These same chaperones play a folding role
in the normal synthesis and deployment of intrinsically unstable proteins, such as
cell-surface receptors. Recent experiments have suggested that if Hsp90 is par-
tially disabled by mutation or overloaded by stress, variant proteins in some mem-
bers of a population might be unable to fold correctly, resulting in developmental
defects (Rutherford and Lindquist 1998). Another example would be the multi-
drug transport proteins (P-glycoprotein of mammals) that are induced in the pres-
ence of high drug levels and serve to export a wide variety of drugs from the cell.

In checkpoint pathways, the cell’s response is one of delaying certain syn-
thetic processes until other processes are complete. These controls are important
in coordinating the timing and extent of cellular processes, such as ensuring the
completion of DNA synthesis before mitosis begins or ensuring the attachment of
chromosomes to the spindle before anaphase begins. An example of relevance to
developmental toxicology is that when colchicine (a Vinca alkaloid) inhibits mi-
crotubule formation in a mitotic cell, the cell is prevented from initiating anaphase
because of a checkpoint control pathway, which assesses the attachment of kine-
tochores to spindle microtubules (Rudner and Murray 1996). While chromosomes
remain unattached, anaphase is not initiated. When the inhibitor is removed, the
cells assemble a spindle and proceed with anaphase. Mutant cells have been
isolated that lack components of the control (such as the MAD2 protein), and
these cells initiate anaphase in the presence of colchicine, without a spindle. They
suffer extensive aneuploidy.

Checkpoint and molecular-stress pathways work together. For example,
damaged DNA inside the cell triggers various stress pathways, leading to DNA
repair. During the repair, the checkpoint pathways delay DNA synthesis or mito-
sis until repair is complete. In the context of this committee’s evaluation, there
are two relevant points about those widely distributed pathways:

» They offer possibilties for the detection and analysis of developmental
toxicants, because they indicate the cell’s state of stress in the presence of toxi-
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Table 6-7 Molecular-Stress Response and Checkpoint Pathways (see

Appendix C for illustrations)

Checkpoint Pathways

Function and Cell Response

G1/S checkpoint

G2/M checkpoint

Metaphase/anaphase checkpoint

Monitors nutritional state, biosynthetic capacity, and cell
adhesion and imposes G1 arrest until cell is prepared
for S phase.

Monitors completion of DNA synthesis (S phase) and
imposes G2 arrest until cell is prepared for M phase.
Monitors attachment of chromosomes to the spindle and
imposes metaphase arrest until cell is ready for

anaphase.

Molecular-Stress Response Pathways

Function and Cell Response

DNA damage (genotoxic stress)

Cytosolic unfolded protein pathway

Endoplasmic reticulum (ER)

unfolded protein pathway

Apoptosis (cell death)

Ultraviolet, hyperosmotic shock,
free-radical oxidation pathways

Kinases are activated at DNA damage site by single
stranded DNA and 5’, 3" ends, leading to p53
activation and transcription of genes encoding p21
inhibitors of cyclin-dependent kinases, and hence G1/S
or G2/M arrest until repair is complete.

Activated by heat, alcohol, anaerobiosis, and amino acid
analogs, leading to activated transcription of genes
encoding chaperone proteins until protein refolding is
complete.

Unfolded proteins activate receptor thre/seri kinase,
leading to release of a nuclease that degrades some
mRNAs and reduces translation (G1 arrest), and
splices some mRNAs leading to transcription of genes
encoding chaperone proteins until protein refolding is
complete.

Triggered by intracellular damage or extracellular
signals, leading to caspase protease activation and cell
destruction.

Mediated by MAP kinases, leading to transcription, until
damage is reversed.

Note: Many of these are found in single-celled eukaryotes as well as in most or all cells of animals.

cants.
responses.

Broadly acting toxicants are likely to show up as triggers of stress

» The intercellular signaling pathways of metazoa probably arose in evolu-

tion as elaborations and reworkings of the more ancient molecular-stress and
checkpoint pathways of single-celled eukaryotic ancestors. This is surmised be-
cause a number of the intermediates (e.g., protein kinases) of the molecular-stress
and checkpoint pathways are also used in the metazoan signaling pathways.
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One more kind of molecular-stress and checkpoint pathway should be noted:
the apoptosis pathway, which is also a signaling pathway (see Table 6-2). It can
be activated by either extracellular or intracellular signals and leads to the “pro-
grammed” death and destruction of a cell. It is a tightly controlled process in
which a cell is destroyed but neighboring cells are unaffected. Apoptosis is not
found in single-celled organisms. It is an invention of metazoa and is used in
normal embryonic development as well as in recovery attempts of teratogen-dam-
aged embryos. In normal development, where apoptosis is also known as pro-
grammed cell death, it is important in the shaping of tissues and organs (e.g., the
elimination of cells from the interdigital spaces of the human hand). Cells under-
going apoptosis are found throughout most embryonic mesenchymal tissues, pre-
sumably reflecting the elimination of cells that have not been able to successfully
integrate the signals impinging upon them. Some mouse mutants, such as Ham-
mertoe, fail to initiate the normal amount of programmed cell death in normal
limb development, and an abnormal limb results (Zakeri et al. 1994).

Apoptosis is also the ultimate molecular-stress and checkpoint pathway, for
it eliminates cells too damaged to be restored to a normal state by the various
repair and checkpoint pathways. For example, if DNA repair is incomplete and
the cell attempts to divide, it is killed and autolyzed. It has been proposed that
cell death is less detrimental to the multicellular organism than having live cells
with highly modified DNA, perhaps proliferating uncontrollably and interacting
aberrantly with other cells. Apoptotic cell death is an early response of embryos
to many if not all teratogens (Scott 1977; Knudsen 1997). Often, teratogen-in-
duced cell death occurs in the areas of normal programmed cell death but in an
expanded area (Alles and Sulik 1989). If cell death is not too extensive, embryos
are thought to recover by compensatory cell proliferation (Sugrue and DeSesso
1982). Excessive teratogen-induced cell death, however, is directly linked to
abnormal development. For example, eye defects induced by 2-chloro-2'-
deoxyadenosine are associated with excessive teratogen-induced cell death
(Wubah et al. 1996).

The intracellular signals of apoptosis are not yet known. Key components in
the execution phase of the apoptotic pathway are the intracellular cysteinyl-as-
partate proteases known as caspases, particularly caspase-3 (Colussi and Kumar
1999). These enzymes are normally present in all cells as inactive precursors that
become activated by cleavage at specific internal motifs, in response to cyto-
chrome c leaked by mitochondria into the cell’s cytoplasm. Once activated, these
caspases function to degrade specific target substrates such as poly(ADP-ribose)-
polymerase (PARP), DNA-PKs, and lamins. Thereafter, chromosomal DNA is
broken down. Treatment of cells with such developmental toxicants as hyper-
thermia, cyclophosphamide (an alkylating agent), and sodium arsenite (thiol oxi-
dant) leads to the activation of caspase-3, cleavage of PARP, fragmentation of
DNA, and cell death (Mirkes and Little 1998). It is not known how cells in the
embryo recognize exposure to a developmental toxicant and initiate the apoptotic
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response, but perturbation of the redox status of the cell and oxidative stress are
often, if not always, involved. As in other pathways, the apoptotic pathway en-
gages in cross-talk, for example, with the nuclear factor-kappaB (NF-kB) and
INF and FAS pathways. A recent report demonstrates that heat shock (43°C) can
rapidly activate the stress-activated protein kinase pathways mediated by c-JUN
terminal kinase (JNK) and p38 (Wilson et al. 1999).

As noted for the drug-metabolizing enzymes discussed in Chapter 5, these
molecular-stress and checkpoint pathways deserve attention as elements of the
organism’s defense against physical and chemical interventions. It remains to be
learned whether polymorphisms of defense components exist in humans, com-
promising their responses to environmental agents. The extent to which the germ
line, gametes, and early embryos operate these molecular-stress and checkpoint
pathways is also poorly understood.

Developmental Differences

Although Drosophila and mouse development share more similarities than
anyone thought 15 years ago, significant differences do exist. Mice share more
aspects of development with other chordates (the chordate phylum includes ver-
tebrates, cephalochordates, and urochordates) than they do with Drosophila, and
they share still more aspects with other mammals. There appear to be “nested
similarities” of development (i.e., the more recent the common ancestor of two
groups, the more shared features of their development). Regarding HOX genes,
for example, chordates have four more kinds of genes (HOX 10-13) than do
arthropods. These differ slightly in sequence from the others and are located at
the 5" end of each cluster. They are expressed in the postanal tail, which is a
chordate structure not shared by arthropods, and also in the developing vertebrate
limb. Still, the difference between chordates and arthropods is a modification of
a shared feature, namely, the use of HOX genes to divide the anteroposterior
dimension of the animal into nonequivalent spatial compartments.

Chordates, but not arthropods, share the development of a dorsal hollow
nerve cord, a notochord, and a segmentally arranged pharyngo-branchial appara-
tus, in addition to a postanal tail. They also share a kind of development involv-
ing a centralized “organizer” group of cells, the Spemann organizer, which re-
leases inducers important in the placement, orientation, and scaling of later
development by surrounding cells. The inducers secreted by the organizer have
now been identified. Several inducers are secreted protein antagonists of the
TGFp and WNT signals and are used by surrounding cells to maintain their ven-
tral posterior paths of development. The inducer antagonists disinhibit and hence
release the inherent capacity of the surrounding cells to undertake dorsal anterior
kinds of development (e.g., to form the neural tube rather than epidermis)
(Harland and Gerhart 1997; Smith and Schoenwolf 1998; Weinstein and
Hemmati-Brivanlou 1999). Few researchers would have guessed a few years ago
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that this subtle depression of neural development is the organizer’s function in all
chordates. Nonetheless, it should be noted that Holtfreter (1947), building on a
discovery of Barth (1939), suggested that neural inducers provide little informa-
tion except to release the inherent capacity of ectoderm cells to develop as neural
tissue. This suggestion came from Barth and Holtfreter’s findings that ectoderm
would develop neural tissue if merely shocked briefly by ion imbalances or pH
extremes.

Even though the organizer mode of development is distinctive to chordates,
the components of the process are common to a wide range of other animals. For
example, one antagonist, the Chordin protein, exhibits significant homology with
the SOG protein of Drosophila. The SOG protein antagonizes a TGFf inductive
signal (called Screw) in Drosophila as part of the development of regions of
neural versus epidermal development (Neul and Ferguson 1998). Furthermore,
in both Drosophila and frogs, there is a specific metalloproteinase that degrades
the signal-antagonist complex, releasing the signal. The chordate and Droso-
phila inductive processes have deep similarities, though differing in details of
time, place, and circumstances of use.

As a final example of differences, the dorsoventral dimension of arthropods
looks quite different from that of a mouse, but recent analysis has shown that a
number of similar genes are expressed in the nerve cords, hearts, body muscle,
visceral mesoderm, and gut of both. It is currently accepted that these organs
were present in primordial form in a common ancestor, but the arrangement of
the organs in chordates is the inverse of that in arthropods. That is, the nerve cord
is dorsal in chordates and ventral in arthropods, and the heart is ventral in chor-
dates and dorsal in arthropods. The inversion of the dorsoventral axis is thought
to have occurred in the chordate line after hemichordates split off (Niibler-Jung
and Arendt 1996).

Recognizing the fact that Drosophila does not share all details of early devel-
opment and organogenesis with vertebrates, researchers have begun a systematic
collection of developmental mutants of the zebrafish, a small vertebrate with a
short life cycle (see Chapter 7), suitable for the production of a large mutant
collection. The organs of embryonic zebrafish, more than the organs of Droso-
phila, resemble those of mammalian embryos in structure and function. In light
of the extensive conservation of developmental processes found thus far, it is
expected that in most cases what is true for fish development, as learned from
those mutants, will be true for mammalian development, down to the level of
molecular details of components and processes. That is not meant to deny differ-
ences among organisms (e.g., mammals undergo placental development with ex-
tensive extra-embryonic tissues not found in a zebrafish), nor to dismiss the pos-
sibility that developmental biologists might be misled in some instances by the
study of model organisms. The greater part of mammalian development can be
understood, however, by the study of other organisms’ development. Ultimately,
mammalian development will have to be understood in all the details of its differ-
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ences, but even this pursuit will benefit from the context of knowledge of the
processes shared with other organisms. For example, unique mammalian pro-
cesses, such as extra-embryonic tissue formation or more extensive forebrain de-
velopment, are still expected to entail many of the same signal transduction path-
ways and genetic regulatory circuits as used elsewhere in development.

The Evolutionary Perspective

In light of the availability of base sequences for a variety of kinds of genes in
a variety of organisms, the place of metazoa (the multicellular animals) among
the kingdoms of living organisms has been recently re-evaluated. It now appears
that animals share a common ancestor more closely with plants (especially fungi)
than with protozoa such as ciliates or amoebae. These three multicellular king-
doms arose from a common eukaryotic ancestor (probably single celled) perhaps
1.2 billion years ago, whereas eukaryotic single cells go back 2.2 to 2.7 billion
years and prokaryotic life goes back perhaps 3.5 billion years (Feng et al. 1997;
Pace 1997). The conservation of basic biochemical, genetic, and cell biological
functions has been surprisingly extensive in that long lineage. At least 3 billion
years ago, ancient prokaryotes originated the processes of replication, transcrip-
tion, translation, energy metabolism, and biosynthesis, and those processes have
been carried forward to this day with little change in all life forms, including
animals. The comparisons of the whole genomes of bacteria, yeast, and now the
nematode, C. elegans, show clearly the conservation of the protein-coding se-
quences of genes. At least 2 billion years ago, single-celled eukaryotes origi-
nated the basic cell biological processes of mitosis, meiosis, a cdk-cyclin-based
cell cycle, an actin-based cytoskeleton and myosin-based movements, a tubulin-
based cytoskeleton and kinesin-dynein-based movements, membrane-trafficking,
and membrane-bounded organelles. These processes and structures have been
carried forward by the single-celled eukaryotes and animals with little change to
this day.

In light of this conservation of ancient processes, what have metazoa added
in the past 1.2 billion years? Their innovations include abundant cell-cell signal-
ing, extracellular matrix, cell junctions, and a wide range of responses to intercel-
lular signals based on complex genetic regulatory circuits and protein phosphory-
lation. The C. elegans genome shows that, compared with yeast, metazoa have
greatly expanded the number of genes encoding proteins of signal transduction,
the cytoskeleton, and transcriptional regulation and have greatly increased the
size and complexity of the cis-regulatory regions of genes. Metazoa seem to have
evolved in a regulatory or informational direction, that of determining the time,
location, and circumstances within a multicellular population for activating and
inhibiting the many conserved biochemical and cell biological processes brought
forward from their single-celled ancestors. All these ancient processes have been
made contingent on cell-cell signaling.
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As mentioned above, the importance for developmental toxicology of the
discovery of extensive conservation of components and processes among seem-
ingly disparate animals is the conclusion that the study or testing of toxicants in
model animals can provide relevant information about humans, as long as the
extrapolation is done within conserved responses, of which there are many.

Organogenesis

Organs are usually defined as containing two or more tissues, each tissue
containing differing cell types and cell functions, coordinated in a higher level of
organization and function than the independent tissues. Second to the organism’s
overall body organization, organs are the most complex level of organization of
cells. Organogenesis is the organ-forming phase of embryonic development. It
begins once the basic anteroposterior and dorsoventral organization of the em-
bryo is established by gastrulation and neurulation. During organogenesis, cyto-
differentiation takes place, and then the organ begins to function.

A fundamental question about organogenesis concerns the means by which
the different parts of the organ are brought into complex alignment and integrated
function. In the first half of the twentieth century, organ formation was described
in detail by light microscopy, and the inductive interactions of different cell
groups involved in organ formation were revealed by experimental analysis. In
general, the different tissues of the organ were not found to form independently
and then come together in perfect apposition. Rather, tissues that are nearby as a
result of extensive movement during gastrulation and neurulation interact with
each other and also with surrounding tissues. Combinations of signals establish
positional identity and initiate the progressive delineation of organ-specific gene
activations. Thus, it is not necessary that all participants in early organogenesis
have position and cell-type specific information. Cell signaling operates through-
out organogenesis. Recently, the local signals and responses have been identified
in several kinds of organogenesis, the responses often being experimentally
proven by using “marker” or “reporter” genes activated at various stages of the
process and visualized by staining specific mRNAs by in situ hybridization. Ex-
tensive molecular descriptions and cellular and genetic analyses have defined key
regulatory pathways that facilitate the development of many vertebrate systems,
including the following:

» Neural tube: regionalization of forebrain, midbrain, hindbrain, and spinal
cord (for reviews, see Wassef and Joyner 1997; Brewster and Dahmane 1999;
Dasen and Rosenfeld 1999; Veraksa et al. 2000).

* Neural tube: dorso-ventral organization of brain and spinal cord (for re-
views, see Edlund and Jessell 1999; Lee and Jessell 1999).

» Sensory systems: optic vesicle and eye, otic vesicle and inner ear, and
olfactory epithelium (for reviews, see Fekete 1999; Holme and Steel 1999; Kraus
and Lufkin 1999; McAvoy et al. 1999).
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* Neural crest: autonomic and sensory ganglia and glia and melanocytes
(for reviews, see Francis and Landis 1999; Gershon 1999a,b; LaBonne and
Bronner-Fraser 1999).

¢ Neural crest: midfacial and branchial connective tissues and teeth (for
reviews, see Francis-West et al. 1998; Peters and Balling 1999; Schneider et al.
1999; Tucker and Sharpe 1999; Vaglia and Hall 1999).

» Paraxial mesoderm: somites, skeletal muscle, vertebrae, and ribs (for re-
views, see Brand-Saberi and Christ 1999; Relaix and Buckingham 1999; Burke
2000; Rawls et al. 2000; Summerbell and Rigby 2000).

» Intermediate mesoderm: kidneys, gonads, reproductive ducts, and sex de-
termination (for reviews, see Sariola and Sainio 1998; Horster et al. 1999; Parker
et al. 1999; Swain and Lovell-Badge 1999).

» Cardiovascular system: heart, angiogenesis, and hematopoiesis (for re-
views, see Baldwin and Artman 1998; Mercola 1999; Morales-Alcelay et al. 1998;
Tallquist et al. 1999).

» Limb: growth and specification of axes (for reviews, see Martin 1998; Ng
et al. 1999; Vogt and Duboule 1999).

» Pharyngeal endoderm: thyroid and thymus (for reviews see Bodey et al.
1999; Missero et al. 1998).

* Gut tube: lungs, liver, pancreas, stomach, and intestines (for reviews, see
Gretchen 1999; St-Onge et al. 1999; Warburton and Lee 1999).

The familiar conserved signaling pathways are used over and over in many
different contexts in organogenesis and other steps of development, as listed in
Table 6-3. For example, the Sonic Hedgehog (SHH) signaling pathway is in-
volved in establishing asymmetry in the early gastrula, inducing floor plate and
motor neurons, separating the single eye field into paired optic primordia, main-
taining proliferation in migrating neural crest cells, establishing patterning of the
medial and lateral nasal prominences and tooth induction, inducing sclerotome
segregation and epaxial muscle formation in somites, development of the prostate
gland, determining left-right asymmetry, establishing the anteroposterior
(rostrocaudal) axis of the limbs, delineating the tracheo-esophageal diverticulum,
and establishing sites of formation and branching patterns in lung and pancreatic
epithelia. Comparable matches could be made for members of the fibroblast
growth factor (FGF), TGF, BMP, and WNT signaling families. Although the
signaling pathways involve the same or closely related signaling molecules, the
responses made by cells are distinct because of the genes and gene products they
express prior to and in response to the many different combinations of these sig-
naling factors.

The Vertebrate Limb: The Best Known Organogenesis Model

The limb is by far the most studied organ rudiment of vertebrates, supported
by over 50 years of experimental embryology and intensive recent molecular
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genetic analysis. Cell-cell interactions, based on known signaling pathways, are
well understood, as are the patterns of cell proliferation within the developing
limb. Surprisingly, many homologous genes and signaling pathways are con-
served between the vertebrate limb and the developing leg or wing of Drosophila.
The researchers who followed the seemingly remote leads from the early Droso-
phila work on appendages have made rapid progress on vertebrate limb develop-
ment in the past few years.

Limb development is discussed here to show (1) the importance of precise
temporal and spatial signaling for organizing a complex organ rudiment, and (2)
the interaction of multiple signaling pathways to establish the organ’s three-di-
mensional morphology.

The developing limb contains three axes: proximodistal, anteroposterior
(rostrocaudal), and dorsoventral. Each axis has its own secreted signals and these
are integrated in the limb bud, as shown in Figure 6-4 and as summarized by
Johnston and Tabin (1997) and Ferretti and Tickle (1997). The bud originates as
a locus of rapidly dividing cells in the somatic mesoderm and overlying epider-
mal ectoderm of the flank of the trunk. Outgrowth of the paired anterior and
posterior limbs involves the maintenance of a high rate of cell division within the
bud. Local trunk structures, such as the mesonephros, somites, and notochord,
secrete FGF10 onto the flank tissues, and this signal initially keeps the bud prolif-
erating. As outgrowth begins, the ectoderm overlying the bud locally thickens to
form a ridgelike structure called the apical ectodermal ridge (AER), which then
secretes several FGFs, notably FGF8, and takes over for the flank in maintaining
cell proliferation in the adjacent bud mesoderm. The bud is then self-sufficient
for this signaling and the flank stops serving as an FGF source. (The bud can be
transplanted to a remote site, such as the yolk sac, at this stage and will develop
autonomously.) The area of rapid division in the bud is called the progress zone
(PZ). It lies just beneath the AER. As cells proliferate in it, some are displaced
away from the AER and are no longer exposed to FGF. They slow their division
rate and stop changing their specification (i.e., their capacity to develop as one

FIGURE 6-4 Development of the limb bud in tetrapods (the four-legged vertebrates).
(Panel A) Cross section of mouse embryo after ventral closure, at the level of the fore-
limbs. The limb buds emerge as small protrusions from the left and right flank. They
consist of a surface layer of epidermal cells (ectoderm) and an internal mass of mesenchy-
mal cells (mesoderm). The latter engage in rapid proliferation. (Panel B) Close-up view
of a bud, cross section, dorsal, ventral. The apical ectodermal ridge (AER) secretes FGF
onto the underlying mesenchyme. The zone of polarizing activity (ZPA) of the mesen-
chyme secretes SHH onto the ridge. A reciprocal activation circuit is completed in which
the AER and ZPA keep each other active. In the mesenchyme close to the ridge is the
progress zone (PZ), a population of rapidly dividing cells. Their division is kept going by
FGF and SHH. Dividing cells keep changing their option for a future developmental path,
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in a progression, proximal (shoulder) to distal (hand). As they divide, some are displaced
toward the flank, out of the PZ, too far away to receive FGF signals. Their division slows,
and they adopt the developmental path of the step of the progression at which they were
when they were last in the PZ. The SHH from the ZPA spreads in a gradient toward the
anterior edge of the bud. The anteroposterior differences of the limb are signaled by this
gradient, perhaps through a BMP2 .4 signaling coupled to SHH signaling. (Panel C) The
limb bud in cross section, at right angles to panel B, to show the dorsoventral plane. The
dorsal epidermis secretes WNT7A onto the mesenchyme. That signals it to develop dor-
sally. The ventral epidermis does not secrete WNT7A, because the cells express the En
gene encoding a transcription factor inhibiting the Wnt7a gene from expression. See text
for further information and references.
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part or another of the future limb). As a consequence, cells leave the PZ in a
proximal to distal order of specification (i.e., the first to leave have the capacity to
form the upper limb, the next to form the lower limb, and the last to form the hand
or foot). When cells leave the PZ, they start to differentiate into cartilage, bone,
and connective tissue of their specified limb level. Precursor cells of limb muscles
migrate into the bud from the adjacent somitic myotomes, and nerves extend in
from spinal ganglia and the spinal cord. Interactions between the AER and PZ
are reciprocal (i.e., the AER maintains mitosis within the PZ by way of FGF, and
the PZ maintains the thickened AER by way of a yet unknown signal).

The second axis of the limb, the anteroposterior axis, is also established
through cell-cell interactions and secreted signals. The posterior portion of the
limb bud contains a specialized region called the zone of polarizing activity
(ZPA). This zone was originally recognized as a signaling center, because when
it was transplanted to the anterior side of another limb bud, the bud develops a
mirror-image duplicated limb. The ZPA secretes SHH, which diffuses across the
anteroposterior dimension of the bud, establishing a gradient and setting off the
formation of a second gradient of BMP2 and 4, two kinds of TGFp signals. SHH
is both sufficient and necessary to establish the anteroposterior pattern of the
limb. Retinoic acid, acting via a nuclear receptor, might also have a role.

The third axis of the limb, the dorsoventral axis, is established through inter-
actions between the nonridge dorsal ectoderm of the limb and the underlying bud
mesoderm. That was initially shown by experiments in which the dorsal and
ventral regions of the ectoderm were rotated with respect to the mesoderm. The
dorsal ectoderm releases the WNT7A signal, which induces the expression of the
Lmx-1 gene in the underlying mesoderm and which suppresses expression of the
engrailed-1 gene, thereby restricting its expression to the ventral ectoderm. Mu-
tants defective in WNT7A signaling develop double ventral limbs. Mutants de-
fective in engrailed-1 expression develop double dorsal limbs with double sets of
fingernails.

It remains to be learned how the signaling pathways of each axial dimension
are coordinated with those of the other dimensions, and how the integration of
these pathways leads to the formation of unique skeletal structures in precise
locations within the limb. The limb exemplifies the advanced understanding of
vertebrate organogenesis at a molecular genetic level (i.e., of the signal pathways
and the genetic regulatory circuits involved in changing transcription and regulat-
ing cell proliferation). This kind of understanding is prerequisite to understand-
ing the action of toxicants on embryogenesis. On the basis of new information,
mechanisms of action of toxicants have been recently proposed, although these
have yet to be tested. For example, thalidomide leads to a failure to form proxi-
mal parts of the limb (the upper and middle parts of the limb), but the hand or foot
is usually formed. That developmental outcome is paradoxical, because other
treatments, such as the removal or inactivation of the AER, lead to truncation of
the limb in the reverse order; the upper and middle parts are present but the hand
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or foot is missing. Tabin (1998) recently proposed that thalidomide reduces cell
proliferation in the PZ, by means yet unknown, and the few cells that remain
there in prolonged contact with FGF8 secreted by the AER are specified as hand
or foot cells, the last normally to emerge from the zone. This is an example of an
incisive prediction about a long-known toxicant made on the basis of recent
knowledge. Yet, the chemical basis for thalidomide’s specific effect on cell pro-
liferation in the PZ escapes even a proposal at this time, and so the hypothesis is
incomplete. Stephens and Fillmore (2000) have suggested that thalidomide inter-
feres with integrin gene expression in limb bud mesenchyme cells and, thereby,
with their ability to stimulate angiogenesis at the level needed for continued rapid
proliferation.

The capacity of the limb bud to develop normally after injury has been stud-
ied. Large numbers of cells can be removed at early stages, and as long as repre-
sentatives remain of the AER, ZPA, and PZ, development will be normal. Immi-
grating muscle cells from any myotome will enter and adapt to the limb bud, and
nerves from any spinal cord level will enter and make neuromuscular connec-
tions, although the CNS circuitry of that level may not be appropriate for normal
limb movement. The robustness of limb development, like that of other parts of
the body, is substantial, because each of the interactive cell groups is much larger
than minimally necessary and is capable of proliferation. Robustness is not un-
limited, however, and total removal of a key signaling or responding group is
deleterious. Regenerating limbs, such as those of newts, have surmounted even
that limit, but they are the exception among vertebrates.

SUMMARY

This committee has been asked to evaluate the state-of the-science for eluci-
dating mechanisms of developmental toxicity. It seems self-evident that the
knowledge about the basic processes of development provides developmental
biologists with an understanding of normal development not even thought pos-
sible a decade ago, and also provides developmental toxicologists with improved
tools to understand the mechanisms by which chemicals cause abnormal develop-
ment.

In the last decade, great advances have been made in the understanding of
developmental processes on a molecular level in model organisms, such as Droso-
phila and C. elegans, and in several vertebrates, including the mouse. For the
first time, molecular components and their functional interactions have been iden-
tified. Developmental processes can be described for the first time as organized
networks of these components and their functions. The examples examined so
far primarily concern early development before organogenesis but also organo-
genesis in a few cases. Cell-cell interactions by way of intercellular signals are
pervasively and repeatedly used. In all aspects of development, including orga-
nogenesis and cytodifferentiation, signaling is expected to be of central impor-
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tance. A small number of signal transduction pathways are used in these interac-
tions. There are approximately 10 kinds in early development and organogen-
esis. (Seven more are used by differentiated cell types.) The number of allelic
variants that exist in these human genes remains to be studied. These pathways
are conserved among animal phyla, as are many of the genetic regulatory circuits
involved in the responses of cells to signals. In addition, many of the basic cell
processes, such as proliferation, secretion, motility, and adhesion, are also highly
conserved among animals. This extensive conservation gives strong justification
to the use of model animals, including Drosophila, C. elegans, zebrafish, and
mouse, to learn about basic aspects of mammalian, even human, development.

The understanding of development is far from complete. Although a number
of main components have been identified for early processes, their interactions
and use in combinations introduce substantial complexity to an inclusive under-
standing of development. Few of the many types of mammalian organogenesis
have been analyzed, and only a few of the 300 types of cytodifferentiation have
been studied. As more components and interactions are revealed, it will become
important to establish readily accessible databases containing all the information
about development.
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Using Model Animals to Assess and
Understand Developmental Toxicity

The recent advances in developmental biology described in Chapter 6 have
established the central importance of a small number of highly conserved signal
transduction pathways that mediate cell interactions crucial for animal physiol-
ogy, reproduction, and development. It seems likely that many developmental
toxicants might affect development by acting on those pathways. Application of
the methods that have been so successful in elucidating them should now allow
scientists to investigate that possibility and to determine the mechanisms by which
developmental toxicants act. This chapter reviews the experimental approaches
primarily responsible for the recent advances in knowledge about animal devel-
opment and discusses how those approaches might be applied to developmental
toxicology. Chapter 8 discusses how those approaches might lead to improved
qualitative and quantitative risk assessment.

MODEL ORGANISMS AND THE GENETIC APPROACH

Single-Cell Organisms

Model organisms have been important throughout the study of modern biol-
ogy. In the 1940s and 1950s, biochemical analysis of bacteria was important in
working out the enzymatic pathways of metabolism. In the 1960s and 1970s,
bacteria, especially Escherichia coli and its viruses (called phages), provided
models for the new science of molecular biology and the elucidation of basic
mechanisms for deoxyribonucleic acid (DNA) replication, transcription, and
translation in prokaryotes. Since then, the budding yeast Saccharomyces
cerevisiae and more recently the fission yeast Schizosaccharomyces pombe have
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served as models for intensively investigating the molecular mechanisms of these
and other functions unique to eukaryotic cells, such as the cdk-cyclin-based cell
cycle, mitosis, meiosis, ribonucleic acid (RNA) splicing, regulation of chromatin
structure, secretion, dynamics of the cytoskeleton, stress pathways, checkpoint
pathways, and, to some degree, intercellular signaling and differentiation, the last
two associated with yeast mating. Most of these cellular functions have been
highly conserved during eukaryotic evolution, so that knowledge gained from
yeast research is directly applicable to understanding human cell processes. How-
ever, understanding the interactions of cells and tissues in development and physi-
ology of higher eukaryotes requires study of metazoans (i.e., multicellular ani-
mals). It should be appreciated, though, that as the processes are understood in
metazoa, the components of each process can be introduced into yeast and the
individual processes reconstituted there for further detailed study. For example,
it has been found that a number of human cell-cycle proteins function well in the
yeast cell cycle, when replacing the yeast cell’s components.

Utility of Model Animals

Much has been learned about human development and physiology through
the study of model animals, a small set of diverse metazoans that have particular
advantages for laboratory research. There are several reasons for their utility.
Research on humans and other primates is expensive and limited by ethical con-
siderations. The most commonly studied model animals are relatively inexpen-
sive to maintain and are well suited for experimental manipulation. Most impor-
tant, as outlined in Chapter 6, recent research has shown that there is a remarkable
degree of similarity in the developmental mechanisms of all animals. Not only
individual genes and proteins but also entire pathways of signaling and response
and their functions in developing embryos appear highly conserved throughout
evolution. This means that, although the embryology of simpler animals might
appear superficially very different from that of humans, knowledge gained from
those models can often be applied directly to understanding human developmen-
tal mechanisms.

On the other hand, there are important developmental and physiological at-
tributes that can be investigated only in vertebrates, such as the adaptive immune
system, or in mammals, such as placentation and lactation. Therefore, it is useful
to study a representative range of model animals—from invertebrates that are
only distantly related to humans but have particular experimental advantages, to
rodents and other mammals that are less convenient but more closely related to
humans.

Model Animals for Study of Development

For study of development, the currently most intensively investigated model
animals, in order of increasing complexity, are the free-living soil roundworm
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(nematode) Caenorhabditis elegans, the fruit fly Drosophila melanogaster, the
frog Xenopus laevis, the zebrafish Danio rerio, the chick, and the laboratory
mouse. Also particularly useful for certain investigations are sea urchin, sea slug
(Aplysia), puffer fish, and a few mammals, including the rat. This set of model
animals is somewhat different from those most widely used in the 1950s. Why
have these species been chosen for recent intensive study? For four of them, the
principal answer is genetics.

The genetic approach has become established in the last three decades as one
of the most powerful tools for elucidating biological mechanisms. It allows re-
searchers to compare wild type with a mutant phenotype and to identify new
genes involved in controlling a biological process and to determine their func-
tions in the organism. Genes that control important functions are identified by
mutations that cause defects in those functions. These genes are then mapped,
cloned, and identified at the molecular level so that the proteins they encode can
be studied using methods of biochemistry and cell biology. This approach has
proved to be extremely powerful, not only for basic research in model organisms
but also for medical research on heritable human diseases. The approach was
followed, for example, in the mapping, cloning, and subsequent study of the cys-
tic fibrosis gene, the breast cancer susceptibility gene, and many others.

The four model animals chosen primarily on the basis of their convenience
for genetic analysis are C. elegans, Drosophila, zebrafish, and mice. All are
relatively small, easy to maintain in large populations in the laboratory, and have
short generation times, which allow for rapid analysis of breeding experiments.
The remaining animals are not well suited for classical genetic analysis, primarily
because of much longer generation times, but have compensating advantages of
convenience and manipulability or simplicity. Sea urchins, because of their re-
productive properties, have been particularly valuable in studies of fertilization
and gene regulation in early embryos. Aplysia are used in nerve growth and
development studies. Puffer fish are useful for genomics because of their re-
markably small genome size (400 megabases (Mb)) compared with most other
vertebrates (about 3,500 Mb, including humans). The frog Xenopus has eggs and
embryos that can be obtained in quantity and are relatively large (about 1 milli-
meter (mm) in diameter). The eggs and embryos are convenient for biochemical
analysis as well as microsurgery and can easily be microinjected with cloned
genes, RNAs, proteins, drugs, and so forth to study the developmental effects of
those molecules. The embryos have been used in toxicant tests, such as the frog
embryo teratogenesis assay—Xenopus (FETAX). FETAX is currently under con-
sideration for validation (Bantle et al. 1996; NIEHS 1998). Chick embryos, more
closely related to mammalian embryos, are readily accessible for observation and
microsurgery (unlike those of mice, which develop in the uterus) and are conve-
nient for tissue transplantation experiments. Putative developmental toxicants
can be added directly to the embryo, thereby bypassing the modifying effects of
maternal metabolism and selective transfer by the placenta. Rat, rabbit, and
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guinea pig have long been standard systems for physiological and toxicological
investigation. However, because of the power of genetic analysis, the four ge-
netically tractable model animals (C. elegans, Drosophila, zebrafish, and mouse)
have become mainstays of recent research in developmental biology and, for the
same reason, are also likely to be particularly valuable in emerging approaches to
developmental toxicology. These systems are described in more detail below,
following a brief review of methods in genetic analysis.

Rationale and Strategy of the Genetic Approach

Genetic analysis has a powerful advantage in that it can “dissect” function-
ally and define the important components of any biological process without know-
ing anything about the process in advance—simply by isolating mutations that
affect it, using those mutations to define the genes that control the process, and
then cloning and characterizing those genes and their gene products, thereby re-
vealing molecular mechanisms. Over the past two decades this approach has
been successfully applied to many aspects of animal development, as indicated in
Chapter 6. It can also be applied to elucidating the mechanisms of action of
developmental toxicants. The general steps in the standard genetic approach,
described below, are sometimes referred to as “forward genetics” (going from the
mutant phenotype to the gene) in contrast to the more recently developed meth-
ods of “reverse genetics” (going from the gene back to a phenotype) made pos-
sible by molecular biology and genomics (see Chapter 5 for some of the genomic
methods). Although the terms forward and reverse genetics are now generally
accepted, it should be noted that the term “reverse genetics” has had a history of
use in earlier medical genetics literature to describe the progression from map-
ping of a heritable disease state to cloning of the responsible gene (called “for-
ward genetics” elsewhere).

Forward Genetics

The steps in this approach are as follows:

1. Choose a defective phenotype of interest (e.g., failure to develop a particu-
lar structure or increased sensitivity to a toxicant) that is specific and selectable or
easily recognizable.

2. Using mutagenized populations, carry out a saturation screen for mutants
with the defective phenotype (i.e., a screen large enough so that mutations are
likely to be found in every gene required in development of the normal pheno-
type).

3. Use classical genetic analysis of these mutations to define the genes they
represent by genetic mapping and complementation tests and to determine their
null phenotypes (i.e., the effects of complete loss of gene function). The incisive-
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ness of studying null mutants is worth mentioning in the context of developmen-
tal toxicology. Their phenotypes match the toxicologist’s ideal of what the “per-
fect” toxicant would generate for observation if it completely inhibited just one
target component of the organism.

4. If possible, establish the order of function of the identified genes by con-
structing double mutants to determine which of two distinguishable phenotypes
takes precedence (epistasis test).

5. Identify additional modifier genes by using suppressor and enhancer
screens in a sensitized genetic background for secondary mutations that make the
defective phenotype of an existing mutant less or more severe.

6. Using fine-structure genetic mapping and positional cloning, obtain ge-
nomic clones of each gene for molecular analysis and verify their identities by
demonstrating that each gene in the corresponding mutant animal carries a DNA
sequence alteration.

7. From suitable complementary (c) DNA libraries of cloned cDNA copies
of the animal’s messenger (m) RNA population, isolate cDNAs corresponding to
each gene, sequence them to determine the predicted amino acid sequence of
each encoded protein, and carry out a similarity search, comparing those se-
quences with the sequences available in databases, which often can be used to
discern motifs and reveal the functional class to which a protein belongs. (Func-
tion was initially deduced for the class from other kinds of studies—biochemical,
cellular, developmental, and physiological.)

8. Determine when and where the mRNA and the protein encoded by each
gene are found during development by using, respectively, nucleic acid probes
and antibodies made to fusion proteins. A faster but sometimes less reliable
alternative is to make reporter constructs, which carry the promoter region of the
cloned gene fused to a gene encoding a reporter protein that can be detected by its
activity (e.g., the E. coli B-galactosidase gene lacZ) or fluorescence (e.g., green
fluorescent protein (GFP)). Embryos into which such a construct has been intro-
duced (by DNA transformation) can be observed at various stages to determine
when and in what cells and tissues the promoter is active. Generally (but not
always), an active provider will reflect the expression pattern of the normal gene.

9. Supplement that information with genetic mosaic analysis, by producing
animals in which only certain cells or tissues are mutant, to discover where a gene
must normally function and whether its functions are cell autonomous (i.e., intra-
cellular) or cell nonautonomous (i.e., intercellular).

10. Isolate and biochemically analyze proteins encoded by the mutationally
identified genes to study further the function of the proteins.

All these steps are not always carried out. The most important and difficult
step, once mutants have been obtained, has been positional cloning of the gene.
However, shortcuts are becoming available with the accumulation of genomic
mapping and sequence information and the development of new technologies
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(see following sections). For example, if a mutation defining a gene of interest
has been mapped to a region of the genome for which the entire DNA sequence is
known, the “candidate gene” approach can be used to identify it. Computer
analysis of the genomic sequence can predict which sequences in the region rep-
resent coding sequences and open-reading frames (ORFs) of genes and what pro-
teins these DNA sequences encode. It is then often possible to guess one or a few
most likely candidate genes and confirm that one of these is correct by sequenc-
ing one (or preferably more) mutant allele and finding the responsible sequence
alteration(s) or by expressing the candidate gene to see if its encoded product
reverts the mutant phenotype back to wild type.

A new method called genomic mismatch scanning (GMS), using DNA mi-
crochip technology, will allow more rapid identification of the candidate gene
and the mutational lesion in one step. Oligonucleotides representing the entire
sequences of all candidate genes in the region to be tested, as well as all possible
single base-change mutational variants of each sequence, are synthesized and
fixed in an indexed array on a microchip (see description of the method in Chap-
ter 5). The chip is then annealed to differently labeled probes from nonmutant
and mutant forms of the cloned gene. By comparing these patterns, both the
correct candidate gene and the nature of the mutational lesion can be determined.

Reverse Genetics

With the increasing availability of genomic sequence information, the fol-
lowing somewhat different approach is becoming more useful for studying bio-
logical processes, especially in organisms such as mammals, for which the for-
ward genetic approach is difficult. It is called reverse genetics, because it starts
with a cloned gene of potential interest. The cloned gene is then used to obtain
animals with defects in the gene or its expression for functional analysis. The
steps in this approach are as follows:

1. Identify a gene of interest from its sequence (e.g., the mouse homolog of a
developmentally important gene in Drosophila) and obtain a clone of the gene by
standard methods based on sequence similarity (such as screening a mouse li-
brary (collection) of genomic DNA clones with the cloned Drosophila gene).

2. Determine its expression pattern (as described above) for clues to its func-
tion.

3. Inactivate the gene (often referred to as “knocking out,” “targeted inacti-
vation,” or “homologous recombination” of the gene) and observe the phenotypic
consequences for more definitive information on function. This can be done
either transiently, by injection of an antisense or double-stranded mRNA that
specifically prevents gene expression, or permanently (preferable, but requiring
considerably more effort), by generating animals that carry a null mutation in the
gene. In the nematode C. elegans, the double-stranded mRNA method works

9 <
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particularly well (described in more detail below). In the mouse, mutations can
be obtained efficiently by targeted recombination of mutant DNA constructs in-
troduced into the germ line (described in more detail below). In flies (Droso-
phila) and nematodes (C. elegans), the desired mutant individual can be screened
from a large population after random transposon insertion or chemical mutagen-
esis.

4. Once mutations are obtained, they can be subjected to any of the genetic
analyses described above.

Again, emerging technologies, such as microchips carrying ordered arrays of
cDNAs to allow rapid analysis of how a mutation affects mRNA populations,
will accelerate and enhance the above approaches.

Extrapolation to Humans

For many genes identified by forward or reverse genetics in model animals
such as the mouse, and particularly for genes relevant to human disease states, the
next step is to isolate and characterize the corresponding (orthologous) gene in
humans. Several recent developments have simplified the task of cloning human
homologs for molecular analysis. Extensive and detailed maps of molecular
markers are now available for many areas of the human genome, and rapid
progress is being made on the remainder in connection with the Human Genome
Project. Comparison of mouse and human maps demonstrate extensive linkage
conservation (synteny) between the two genomes (i.e., the arrangement of
orthologous genes has been conserved over large regions from the last common
ancestor). Considerable linkage conservation is found even between fish and
mammals. As ancestral species diverged hundreds of millions of years ago and
evolved into present-day species, local gene order in most instances has been
maintained while large blocks of contiguous genes have been rearranged. For
example, genes A-B-C-D-E found on mouse chromosome 12 might be found as
A-B-C-D-E or, in reverse order, as E-D-C-B-A on human chromosome 7. As a
result, if the chromosomal location of a gene responsible for a trait in the mouse is
known, it is now possible to predict quite accurately the chromosomal location of
its ortholog in humans (see Web site at http://www.informatics.jax.org, under
mammalian homology and comparative maps). This approach will also be useful
in defining human genes that affect responses to developmental toxicants (e.g.,
the genes for various enzymes that metabolize exogenous chemicals).

There also are large libraries (expressed sequence tag (EST) libraries) of
sequences representing pieces of mRNAs transcribed from genes at various times
and tissues in the human (see description of EST methods in Chapter 5). Tran-
scripts from almost 90% of all human genes are estimated to be sequenced and
present in these libraries. The transcripts are of great value for isolating the
human homologs of genes and gene products that have been well characterized in
other organisms.
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THE MAJOR MODEL ANIMALS FOR GENETIC ANALYSIS

The four genetically tractable model animals, C. elegans, Drosophila,
zebrafish, and mouse, are useful for somewhat different reasons. Relevant char-
acteristics of each are described briefly below, along with some of their experi-
mental advantages and disadvantages (see also Tables 7-1 and 7-3). The poten-
tial utility of each animal for identifying and investigating mechanisms of
developmental toxicants is discussed later in this chapter.

The Nematode Caenorhabditis elegans

History, Biology, and Genetics

Caenorhabditis elegans is a roundworm found commonly in soils all over
the world. It has become widely exploited as a model animal largely because of
the early efforts of Brenner (1974), who recognized its experimental advantages
and pioneered its genetic analysis. The adult is about 1-mm long, just visible to
the naked eye. It feeds on bacteria, such as the common bacterium E. coli, and is
easy to grow and breed on agar plates in the laboratory. C. elegans is one of the
simplest animals known, with a small fixed number of somatic cells: 959 in the
adult hermaphrodite and 1,031 in the adult male. It is transparent throughout the
life cycle, so that its entire development can be analyzed in living animals with
the light microscope. Its generation time is only 3 days, and development is rapid
(Figure 7-1). Embryogenesis is complete by 14 hours after fertilization. The
first-stage (L1) larva hatches from the egg, growing and molting through three
larval stages (L2, L3, and L4) as its reproductive system develops before the final
molt to adulthood. Adult males make sperm and can mate with hermaphrodites,
making genetic crosses possible. The hermaphrodites are essentially females but
produce some sperm during late larval development and can self-fertilize, which
simplifies genetic analysis. C. elegans has a genome size of about 100 megabases
(Mb) packaged into six small chromosomes, including five autosomes and a sex
(X) chromosome (hermaphrodites have two and males one). Extensive genetic
and physical maps have been constructed, and its genome has recently become
the first in a metazoan to be completely sequenced under the auspices of the
Human Genome Model Organisms Project (C. elegans Sequencing Consortium
1998). The genome includes about 19,000 genes.

Because of its transparency and the invariance of cell-division patterns
throughout C. elegans development, it has been possible to describe embryonic
and larval development completely at the cellular level. By observation of devel-
oping animals using Nomarski microscopy, Sulston and coworkers were able to
define all the larval cell lineages (Sulston and Horvitz 1977) and later the entire
embryonic cell lineage (Sulston et al. 1983), so that the ancestry of every cell in
the adult organism is now known. Perturbation of normal development by laser
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TABLE 7-1 Comparison of Four Model Animals for Genetic Analysis and
Humans As a Reference

Adult Genome Period of

Size  Size Organogenesis Generation
Animal (cm) (Mb) (d) Time (wk) Experimental Advantages
Nematode 0.1 97 0.2-0.4 0.4 Convenient forward and
(Caenorhabdits reverse genetics, complete
elegans) genome sequence known,
complete description of
development available,
simplicity, transparency
Fruit fly 0.4 180 0.5-1 2 Most convenient forward
(Drosophila genetics, many genetically
melanogaster) defined signaling pathways
known, extensive
knowledge of development
Zebrafish 3 1,700 1-4 12 Vertebrate, good forward
(Danio rerio) genetics, transparency,
external, well-studied
development, accessible to
test chemicals in water
Mouse 6 3,000 6-15 10 Placental mammal, closest
(Mus musculus) model to humans, good
forward and reverse
genetics, well-studied
development
For comparison:
Human 170 3,500 14-60 27 yr
(1,400 wk)

Abbreviations: cm, centimeter; d, day; Mb, megabase; wk, week; yr, year.

ablation of specific cells has provided information on inductive cell interactions
during embryogenesis and larval growth. This knowledge has been extremely
useful in analyzing the genetic control of cell-fate determination and the roles of
cell signaling pathways by using genetic approaches, as described further below.
For more comprehensive reviews on current knowledge of C. elegans, see Wood
et al. (1988) and Riddle et al. (1997).

Transgenic Technologies

DNA Transformation. Cloned genes can be reintroduced into the C. elegans
genome by injection of DNA into the syncytial region of the hermaphrodite go-
nad (Mello et al. 1991). The injected DNA recombines to form large replicating
extrachromosomal arrays, which become incorporated into developing oocytes
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FIGURE 7-1 Life cycle of Caenorhabditis elegans. The numbers 10 through 40 indicate
hours after fertilization of the egg. L1 through L4 indicate larval stages, each ending in a
molt, a shedding of the tough cuticle. The dauer larva is a diapause stage entered when
food (usually bacteria) is in short supply. Source: Wood (1999). Reprinted with permis-
sion from Encyclopedia of Molecular Biology, copyright 1999, John Wiley & Sons.

and then embryos. These arrays can be transmitted to most cells of the resulting
animals and through the germ line to their progeny. Although the genes on such
arrays are present in high and somewhat variable copy number, they are effi-
ciently expressed and can be useful for many types of investigations, such as
transformation rescue in positional cloning and analysis of a cloned gene’s ex-
pression patterns using lacZ or GFP reporter-gene constructs. From transmitting
lines, more stable integrated lines can be obtained in which the array has inserted
randomly into a chromosomal locus, allowing various gene-trapping technolo-
gies for identifying loci with tissue-specific expression patterns. Targeted inser-
tion of transgenes by homologous recombination has not yet been achieved. Re-
verse genetics using targeted gene disruption is therefore difficult but can be
accomplished by random transposon insertion (Plasterk 1995) or deletion mu-
tagenesis followed by appropriate screens, or it can be accomplished by RNA-
mediated gene interference (RNAIi), as discussed next.
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RNAi. A powerful tool for reverse genetic analysis has been provided by the
discovery that introduction of double-stranded mRNA for a particular gene into
C. elegans will specifically inactivate that gene, resulting in loss-of-function phe-
notypes that generally mimic the gene’s null phenotype for at least a generation
or two (Fire et al. 1998). Although the mechanism of this inactivation, referred to
as RNAI, is not yet understood and gene expression in some tissues is more sus-
ceptible to inactivation than expression in other tissues (Montgomery et al. 1999),
it is clear that RNAi will be extremely useful for rapid functional tests of genes
identified by genome sequencing as potentially important, for example, in devel-
opment or in responses to environmental toxicants. Moreover, recent results in-
dicate that the technique is applicable to Drosophila (Kennerdell and Carthew
1998) and perhaps to other organisms as well.

Signaling Pathways in Development

Most of the progress in understanding C. elegans development has come
from application of forward genetics as described above, combined with laser
ablation experiments to identify required cell interactions. A variety of inductive
events, which in C. elegans can be analyzed at the single-cell level, are mediated
by signaling pathways that are still under investigation. However, it is already
clear that nematode development uses most of the pathways described in Chapter
6, often in developmental contexts similar to those found in more complex meta-
zoans. Two exceptions are the Hedgehog and cytokine signaling pathways, which
C. elegans appears to lack (Ruvkun and Hobert 1998).

The Fruit Fly Drosophila

History, Biology, and Genetics

Drosophila melanogaster is the common fruit fly found worldwide in or-
chards, where adult flies lay eggs on rotting fruit. Since the beginning of this
century, fruit flies have been cultured in the laboratory in half-pint milk bottles
and more recently in shell vials and plastic tubes by using a solid food, typically
composed of agar, cornmeal, dried yeast, and molasses. At 25°C the life cycle
takes approximately 2 weeks. Embryogenesis and the first two larval stages re-
quire 1 day each; the third larval stage, 2 days; and the pupal stage, 4-5 days
(Figure 7-2). Two-day-old adults begin to lay eggs. Because of the short life
cycle, ease of rearing in large populations, and the many diverse phenotypes
readily visible under a simple dissecting microscope, many mutations have been
accumulated in the organism since its initial use by T. H. Morgan and his associ-
ates at Columbia University in the 1920s. The study of fly genetics has been
instrumental in many classic discoveries in eukaryotic genetics, such as linkage,
gene mapping, recombination frequency, and chromosomal aberrations. Discov-
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FIGURE 7-2 Life cycle of Drosophila melanogaster. The larva hatches 1 day after the
egg is fertilized. First, second, and third instar are larval stages, each ending with a molt.
During pupation most of the larval tissues are destroyed and replaced by adult tissues
derived from the imaginal discs that were growing in the larva. Times are given for the life
cycle at 25°C. Source: Adapted from Wolpert et al. (1998).

ery of the giant polytene salivary gland chromosomes in the 1930s provided a
cytological basis for those genetic theorems and thus made Drosophila a key
organism for genetic analysis.

As discussed in Chapter 6, the use of fruit flies for developmental studies
awaited the saturation screens for lethal and female sterile mutations. These
screens were conducted in the late 1970s and 1980s and led to the discovery of
cascades of gene functions responsible for the organization of the egg and early
pattern formation in the embryo. The advent of recombinant DNA and cloning
quickly led to the isolation and sequencing of key genes, which affect the re-
gional specification of body parts. Such genes were defined by the homeotic
mutations studied by E. B. Lewis. These studies led to the startling discovery in
1983 that sequences of amino acids coded for by homeotic genes (the homeobox
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DNA sequence, and the homeodomain protein sequence) were conserved not only
in different homeotic genes in flies but also across the whole animal kingdom,
including humans. This conservation of genetic structure and function has be-
come the cornerstone of modern developmental biology, forming the basis for the
usefulness of model organisms in understanding human developmental mecha-
nisms.

D. melanogaster has a genome size of approximately 180 Mb, a third of
which is centric heterochromatin (regions rich in simple sequence repeats that
remain condensed during interphase). The 120 Mb of euchromatin (unique se-
quence, decondensed during interphase) are located on two large autosomes, one
dot chromosome, and paired XY sex chromosomes. The 120 Mb of euchromatic
DNA have now been sequenced (Adams et al. 2000), and are estimated to encode
approximately 13,600 genes, somewhat fewer than the C. elegans genome but
with comparable functional diversity. The polytene chromosomes of Drosophila
provide a cytogenetic map of the euchromatic portion of the genome, and by
means of in situ hybridization to those large chromosomes, molecular markers
have been identified within most subdivisions of the map.

Transgenic Technologies

One of the principal tools for Drosophila research is the availability of a
transposon, called the P-element, which can be used as a vehicle for introducing
nearly any genetic construct into the Drosophila genome at high efficiency via a
relatively easy process of transformation. In addition, flies possessing single P-
elements, containing dominant markers, such as the bacterial -galactosidase
gene, can be used as mutagens to disrupt coding sequences and as markers of the
disrupted gene for cloning. Similarly, P-elements lacking a strong promoter for
the expression of B-galactosidase can insert adjacent to enhancer elements that
activate the enzyme in an enhancer-specific manner and thus identify potential
new genes for study. By a combination of saturation screens and newer inser-
tional mutagenesis experiments, it is possible to accumulate large sets of muta-
tions of known genes and of related gene functions. Among reverse genetic tech-
nologies, for determining the function of a gene identified only by its nucleotide
sequence, is insertional mutagenesis using transposable elements or RNAi, which
has recently been shown to be effective in Drosophila as well as C. elegans.

Signaling Pathways in Development

One of the most useful outcomes of the genetic analysis of D. melanogaster
development has been the identification of developmental pathways that are con-
served in most organisms. Initially, these sets of genes were identified because of
their similar phenotypes. As indicated above, using epistasis relationships, genes
could be put into developmental sequence. More recently, the innovative use of a
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sensitized genetic background has led to the identification of additional compo-
nents in those pathways. These new components have been difficult to discover,
because they are either stored in the egg and thus show a maternal perdurance or
they are used in multiple pathways, the consequence being that their mutant phe-
notype diverges from that seen in any one pathway or is generally lethal. In this
section, the committee will describe sensitized mutants in some detail, because it
believes that they will be useful in the future for toxicant assays.

The screen used by Simon et al. (1991) has set the pattern for many subse-
quent screens (and the committee will later draw attention to the potential use of
this strategy for assaying toxicants). The Sevenless gene encodes a tyrosine ki-
nase receptor that is required specifically for the formation of thabdomere 7, one
of eight light-receptor cells in each ommatidium of the Drosophila compound
eye. The authors conducted a genetic screen on flies bearing weak, temperature-
sensitive mutations in the Sevenless gene. They screened for genes for which
inactivation of one copy caused the Sevenless phenotype. Hence, even if such
genes are needed in multiple tissues, the activity of the remaining intact gene
would suffice in all but the eye. Increases or decreases in gene activity in the
tyrosine kinase pathway would affect the intermediate eye phenotype of the fly
strain used. The screen detected a series of genes functioning downstream of the
receptor, including homologs of Ras, Rafl, and a guanine nucleotide exchange
factor (Figure 7-3). The dose-dependence of the Ras mutation suggested that a
small (two-fold) reduction downstream should modify the rough-eye phenotype
imparted by the mutant Ras and do so only in the eye. The suppressors so discov-
ered are the Drosophila homologs of components of the MAP kinase pathway.
These are used by many tissues, so their mutations would be recessive lethal.
This study provided the basis for integrating the downstream effector pathway for
many tyrosine kinase receptor functions.

Since this initial screen, screens using sensitized genetic backgrounds have
become commonplace in developmental genetics of flies. For example, the ini-
tial set of downstream functions of the decapentaplegic pathway (a TGF signal-
ing pathway), now called SMADs, was discovered in a screen for mutations that
enhanced the phenotype of a weak Dpp allele (Raftery et al. 1995). Mutations in
the Notch pathway have identified additional components functioning down-
stream of the receptor (Xu and Artavanis-Tsakonas 1990).

A major difficulty in identifying components of these critical signaling path-
ways is that they play essential roles in many developmental processes; hence,
mutations in the genes involved are lethal. Genetic approaches have been devel-
oped in Drosophila to circumvent that phenomenon. The site-specific
recombinase system from yeast (FRT-FRP system, Golic and Lindquist 1989)
has been particularly useful (Figure 7-4). In the case of essential genes that are
expressed during oogenesis, germ-line clones that are homozygous for a lethal
mutation are made in the background of an ovary expressing a dominant female
sterile mutation. These clones, lacking the dominant female sterile mutation, are
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FIGURE 7-3 The signal transduction pathway by which the development of the R7 pho-
toreceptor cell is induced in the eye of Drosophila. This pathway is a receptor tyrosine
kinase pathway. Many of the components of the pathway were first discovered in Droso-
phila by doing selections in mutants in which the pathway was operating close to threshold
due to a component of reduced activity. These “sensitized strains” revealed secondary
mutations easily, and might be useful for detecting toxicant effects on development. BOSS,
the ligand presented on the surface of neighboring cells R2 and R5. SEV, the transmem-
brane receptor that binds the BOSS ligand protein from an adjacent cell. DRK, an adapter
protein binding to the phosphorylated cytoplasmic tail of the receptor. SOS, a GTP:GDP
exchange factor protein activated when binding to DRK. RAS, a small G protein active
when GTP is bound. DRAF, a protein kinase that phosphorylates DSOR, which in turn
phosphorylates ROLLED, which in turn phosphorylates a transcription factor, which then
activates specific gene expression involved in R7 determination. MARPKKK, mitogen-
activated protein kinase kinase kinase; MEK, mitogen-activated protein kinase/extracel-
lular signal-related kinase kinase; MAPK, mitogen-activated protein kinase. See text for
details. Source: Adapted from Simon et al. (1991).
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FIGURE 7-4 The FLP recombination method for removing DNA sequences from the
genome at specific times and places in the animal to inactivate or activate specific genes.
This method is now widely used in Drosophila and in mice. (Panel A): A circular piece of
DNA is shown, containing two FRT sites in opposite 5’-3” orientation. When crossover
occurs, the gene order ABCD changes to ACBD. (Panel B): Two FRT sites are in the
genome in the same orientation. When cross-over occurs, a circle of DNA is looped out
carrying the equivalent of one FRT site. The other remains in the genome. See text for
details. Source: Golic and Lindquist (1989). Reprinted with permission from Cell Press,
copyright 1989.

able in many instances to produce mature eggs lacking the gene product (Perrimon
et al. 1989; Chou and Perrimon 1996). This provides the opportunity to deter-
mine the phenotype of embryos lacking the function of the gene in question.
Similarly, somatic clones can be produced in embryos or larvae heterozygous for
various mutations. These somatic clones, induced at high frequency by the FRT-
FRP system, will be homozygous for the new mutations and show a phenotype
(Xu and Rubin 1993). Thanks to these powerful methods, components of several
of the signal transduction pathways have been identified first in Drosophila and
C. elegans and later confirmed in vertebrate cell systems.

The Zebrafish

History, Biology, and Genetics

The zebrafish is a relative newcomer to the list of model animals. It has
become important as the first vertebrate to be subjected to large-scale genetic
screens, which were shown to be feasible by C. Niisslein-Volhard and others in
the 1980s (Haffter and Niisslein-Volhard 1996). Such screens are possible be-
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cause, unlike other vertebrate model systems, adult zebrafish can be reared in
large numbers (each is 5-cm long) at reasonable expense (although zebrafish are
more expensive than C. elegans and Drosophila), and they are fecund, laying
hundreds of eggs at regular intervals. The embryos are permeable to, and in fact,
bioconcentrate many chemicals added exogenously in the water. The effects on
development might be assayed simply and visually, although such tests have not
been done systematically. Most important for assaying effects, the embryo is
transparent and develops rapidly (128 cells develop 3-4 hours after fertilization),
so all organs are visible and established during a few days. The organs, including
heart, vessels, kidney, and liver, are nearly identical to those in the early human
embryo. The zebrafish generation time is about 12 weeks. Its genome, carried on
26 chromosomes, is small for a vertebrate, 1,700 Mb (about half the size of the
human genome).

Large-scale mutagenesis screens in zebrafish identified genes involved in
development of vertebrate-specific body plans and tissues. One such chordate
feature is the transient embryonic “backbone,” the notochord. The notochord
generates signals (e.g., proteins of the Hedgehog family) that pattern embryonic
development of adjacent tissues, including the nervous system and muscles. The
neural crest is found only in vertebrates. The migratory population of neural-
crest cells emanates from the neural tube and disperses widely, contributing to
neural ganglia, pigmentation, jaw structures, and the major blood vessels from
the heart. Other important vertebrate organ systems, without close cognates in
invertebrate model genetic organisms, include the bony skeleton, an endothelial
lined vascular system, a chambered heart, and gut derivatives such as the pan-
creas and liver, and the kidneys.

Organogenesis in Development

Individual mutants from large-scale screens of zebrafish were found to have
perturbations in organogenesis and in other aspects of development that are highly
informative. For example, the notochord is ablated entirely in some mutants, and
in others, the notochord is structurally present but particular notochord signals
are absent. Neural-crest derivatives, such as neurons, craniofacial structures, and
melanocytes (pigment cells), are affected by mutations. Different modules of
organ form or function are selectively removed by individual mutations. For
example, the Pandora mutation eliminates the heart ventricle; Slo Mo causes a
slow heart rate. Those mutations, therefore, provide an entrance point to specific
pathways of organogenesis. In some cases, the phenotypes resemble congenital
disorders, such as aortic coarctation (as noted in Chapter 2, cardiac defects are the
most common of live-born human developmental defects). Others have pheno-
types that are common in the adult, such as heart failure. Current screens are
pinpointing even more subtle phenotypes, in part by inclusion of molecular probes
to reveal particular cell populations. For example, a large number of mutants
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have been isolated as ones affected in the projection of retinal nerves to the tec-
tum of the brain.

Large-scale efforts are under way in many laboratories to clone the mutant
genes. Genetic and physical maps, crucial for positional cloning, are being con-
structed. Additionally, a large-scale EST project is under way, along with devel-
opment of methodologies to map the ESTs. Because there is extensive synteny
(conservation of chromosomal gene order over short distances) even between
zebrafish and mammals, the dense EST maps of mouse and human should sug-
gest candidate genes once the map position of an EST is established. The large
insert libraries needed for positional cloning are now available. One important
advantage of zebrafish for positional cloning, compared with the mouse, is the
ease and thrift of scoring thousands of embryos in mapping crosses. The large
numbers greatly enhance genetic resolution, thereby delimiting the chromosomal
region in which to search for a mutant gene. With current maps, and some guess-
work, more than 30 zebrafish mutant genes have been located and identified as of
late 1999. One mutant gene had not been previously described in any other spe-
cies and is critical to normal endoderm (gut) differentiation. Other mutant genes
are related to known genes in other organisms and have refined the understanding
of how signaling pathways pattern the early vertebrate embryo.

The Mouse

Biology and Genetics

Although lower vertebrate and nonvertebrate organisms are valid model sys-
tems for studying many aspects of cell and molecular processes that are shared by
widely disparate organisms, certain characteristics are restricted to mammals.
These characteristics include placentation, intrauterine development, lactation,
and aspects of immunology and carcinogenesis. To study these characteristics,
only a mammalian model is ultimately appropriate. The laboratory mouse pro-
vides a small, tractable, and genetically well-characterized model, in spite of mi-
nor differences among mammals in the details of development and metabolism.

Many different mammalian models have been used for different aspects of
biomedical research, but among mammals, the mouse is perhaps the most versa-
tile and best studied. Among the advantages, mice are among the smallest mam-
mals and have a short generation time of around 10 weeks. They are prolific
breeders and their reproductive cycles are easily monitored for the timing of preg-
nancies. They have been bred in captivity for biomedical research for nearly a
century and are docile animals. All these features add up to a great practical
benefit in cost efficiency when large numbers of animals are required for research
(e.g., in genetic and toxicological studies). As many as 3,000 pups (and up to 5
generations per year) can be raised per year per square meter of area in an ap-
proved animal facility, assuming cage racks are 5-6 shelves high (Silver 1995).
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Recent advances in genomic research in humans and mice have reinforced
the mouse as a model genetic system. They have closely related genomes of
approximately the same size (about 3,000 Mb) and probably diverged from a
common ancestor 80 million years ago. Counterparts of most human genes can
be found in the mouse. In terms of the genomic structure, large segments of
chromosomes containing the rank order of hundreds to thousands of genes have
been preserved virtually intact (synteny) between the mouse and human, facilitat-
ing the application of forward and reverse genetic techniques. Laboratory mice
present a vast resource of defined genetic strains, including inbred and recombi-
nant inbred strains with characterized allelic differences that can serve as models
for human genetic polymorphisms. There is a growing resource of naturally oc-
curring and induced mutants (including a large variety of knock-out null mutants)
that are commercially available, easily obtained, and easily maintained. Further-
more, the embryos of mice are accessible to embryological and genetic manipula-
tion and have been widely used in the development of transgenic technologies.

Transgenic Technologies

Manipulating the mammalian genome has become a commonplace experi-
mental procedure during the past two decades, and transgenic animals have been
widely used in many research areas. “Transgenic” is a term that was originally
coined to describe animals that had a foreign or “trans” gene inserted at random
into their genome by experimental means. Its use has been broadened as more
sophisticated techniques for altering the genome have been developed, and it can
now be used to include any animal whose genome has been altered by addition of
genetic material or by alteration of existing genes by gene targeting. Transgenic
techniques, which were first devised in the 1975-1985 period, have been applied
to a variety of experimental animals and agricultural animals, although by far the
most common mammalian subject of gene manipulation remains the laboratory
mouse.

The transgenic approach, whereby genes can be isolated, altered, and then
returned to the animal, has provided a new means to investigate experimentally
the function of genes and their regulation in different tissues and at different
times during development. As it became clear that foreign genes could indeed
function after insertion into the genome of a host, and that transgene expression
was, to some extent, under experimental control, the practical uses of transgenic
animals began to emerge, including uses in toxicology.

Although the first successful transgenics were made using a viral vector to
deliver DNA to mammalian embryos through viral infection, the direct microin-
jection of cloned genes into the pronucleus (haploid nucleus) of a fertilized egg
has proved to be the more versatile method and has been used widely. The prin-
ciple is simple: a gene of interest is cloned, with or without regulatory elements,
and is microinjected into the pronucleus. One or more copies of the gene will
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integrate into a chromosome at random, either immediately or after one or two
cleavage divisions. Because integration is a rare event, individual eggs rarely
contain more than one integration site. If the transgene enters the germ line, it
subsequently behaves as a Mendelian gene in meiosis.

Table 7-2 summarizes transgenic technologies commonly used in experi-
mental mice, and those technologies are described in detail below.

Overexpression and Misexpression. A common use of transgenics is to over-
express a given gene either in the tissue where it is normally expressed or at
ectopic sites (where it is not normally expressed). A transgene is constructed that
includes the coding region of the gene and its own regulatory elements or those of
another gene that will drive expression constitutively, inducibly, or ectopically.
Some of the earliest transgenic experiments were ones in which transgenic mice
were produced with a human-growth-hormone gene driven by the inducible
metallothionein promoter. The use of a human gene provided a means of distin-
guishing the expression of the endogenous mouse-growth-hormone gene from
the expression of the transgene.

Promoter and Enhancer Analysis. To identify the regulatory elements of a given
gene, a series of transgenes can be constructed containing ever increasing amounts
of the 5" regulatory region linked to an unrelated gene with an assayable gene
product (a reporter gene) or the gene itself. Then, a series of transgenic animals is
produced with those constructs and assayed for the expression of the reporter
gene or gene product. In this way, regulation of levels of expression and tissue
specificity of expression can be assigned to specific positions in the regulatory
region of the gene under study. This has been widely done, for example, in the
analysis of the expression of the 39 Hox genes of the mouse.

Antisense Transgenes. Transgenes can be constructed to contain antisense se-
quences. If expression of an antisense transgene is directed to the tissues where
the endogenous gene of complementary coding sequence is being expressed,
antisense RNA transcribed from the transgene can hybridize to the endogenous
mRNA and reduce its translation. This is useful for assessing the function of the
endogenous protein.

Gene Trapping. A serendipitous means of finding new genes includes the phe-
nomenon of insertional mutagenesis, where, by chance, a transgene inserts into a
chromosomal gene causing a mutation that results in an unexpected mutant phe-
notype. A similar procedure was discussed above for P-element insertion in
Drosophila. Another means of screening for new genes in the mouse is to make
transgenics using a promoterless reporter gene. Successful expression of the re-
porter transgene will indicate its intergration near an endogenous promoter, and
the expression pattern can provide information about the endogenous gene that
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has been “trapped” by the inserted transgene. Cloning of the insertion site then
leads to the identification of the chromosomal gene.

Embryonic Stem Cell; Mediated Gene Targeting. A major limitation of the DNA
microinjection method for making transgenic animals is that it does not allow the
targeted alteration of endogenous genes. A technically more complicated method
of gene targeting in embryonic stem (ES) cells provides the means for accom-
plishing that alteration, particularly for the directed inactivation of genes. All the
knock-out mutants for signal-transduction components, which were discussed in
Chapter 6, were produced by this method. The method, worked out in 1980, is
simple in principle. A gene-targeting construct is made that incorporates a select-
able marker flanked by cloned sequences of the gene to be targeted. It is intro-
duced, usually by electroporation, into ES cells in vitro. ES cells are obtained
from the inner cell mass of a mouse embryo at the blastocyst stage. The cells can
be cultured in a Petri dish in artificial medium, where they proliferate for tens to
hundreds of generations. Random integration of the targeting construct DNA
into a chromosomal site of the ES cell will occur as a rare event (1 in 1,000 cells),
and even more rarely (1 in 1 million cells), a double-crossover event of recombi-
nation will occur between the homologous DNA of the construct and the endog-
enous gene, the result being that the selectable marker is inserted into the endog-
enous allele. Cells that have incorporated the transgene are selected using the
selectable marker. They are cloned, and the cell clones that have undergone
homologous recombination are distinguished from random integrants by analysis
of the DNA.

Cells with the desired genetic change are then introduced into early embryos
to produce chimeric pups (i.e., ones containing both normal cells and genetically
altered cells). The gene alteration is recovered in the subsequent generation if,
and only if, the ES cells, which would be heterozygous, contribute to the pup’s
germ cells. With further mating, homozygotes can be obtained for study. Al-
though technically demanding, the flexibility and precision of this method en-
sures its widespread application. A glance at recent databases indicates almost
exponential growth in the number of reported mutations produced this way dur-
ing the past 10 years (more than 1,000 published at last count). The majority of
these were intended as loss-of-function mutations (null or knockout mutations or
targeted deletions), although gene targeting is increasingly being used to produce
other types of mutations (such as more subtle mutational alterations of a resident
gene, sometimes referred to as “knockin” mutations). Some of the possible types
of mutations are listed below.

Knockout or Null Mutations. Gene targeting has been most commonly used to
disrupt the function of an endogenous gene. The simplest means of accomplish-
ing this is to make a targeting construct with the selectable marker, such as neo-
mycin resistance (the selection cassette), in a position that will disrupt gene tran-
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scription or translation. This can be accomplished either by inserting the cassette
in a critical region or by replacing a portion of the endogenous gene with the
selection cassette producing a deletion. The selection cassette usually has its own
promoter and polyadenylation sequences. Note that such a mutation cannot prop-
erly be called a knockout, or assumed to be a null mutation, until evidence has
been obtained that no gene product is produced in the mutant. Expression of a
partial gene product might result in a phenotype other than the null phenotype.

Expression Reporting. A variation on a simple knockout construct can provide
information on the expression pattern of the targeted gene. For this purpose, a
reporter gene (e.g., the E. coli gene lacZ or the jellyfish gene for GFP) is used
without a promoter. The targeting construct is made in such a way that the re-
porter gene is in frame and is driven off the targeted gene’s promoter following
homologous recombination. In this way, the reporter-gene product will be pro-
duced in all cells that would normally express the targeted gene. Usually, the
reporter gene is studied in a heterozygote so that the other allele provides a func-
tional gene product.

Point Mutations. Various schemes have been devised to produce mutations that
are more subtle than complete loss of function. These usually involve a targeting
construct that replaces the endogenous sequence with a homologous sequence
containing a point (or other type) mutation. The trick is then to remove the select-
able marker. This is most commonly done by using the bacterial Cre recombinase
system, which is similar to the FLP recombinase system described in Figure 7-4.
In the targeting construct, the selectable marker is made to be flanked by lox-P
sites, short DNA sequences that are the substrate for Cre recombinase. Correctly
targeted cell clones are then transiently transfected with the Cre gene, whose
encoded product causes recombination between the lox-P sites, popping out the
intervening DNA. The targeted allele is then left with a point mutation and a
single lox-P site, which, if located in an intron, has no effect on the targeted gene.

Conditional Mutations. The Cre recombinase system (similar to the FLP
recombinase system) has proved to be extremely versatile in gene-targeting
schemes. The greatest potential is perhaps in the production of so-called condi-
tional and tissue-specific mutations. The targeting construct is similar to that
described above for making point mutations. The difference, however, is that a
third lox-P site is introduced into a neutral position in the endogenous gene, in
addition to the lox-P-flanked selectable marker. Then, following transient Cre
expression, some cells will be recovered in which the lox-P-flanked selectable
marker has been removed but two lox-P sites still remain. Any further expression
of Cre will result in the removal of the intervening DNA, producing a deletion
that can be planned to result in a null mutation. Provided the construct has been
engineered so that the two remaining lox-P sites do not interfere with endogenous
gene expression, normal mice can then be made with this ES cell line following
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removal of the lox-P-flanked selectable marker. The final step is the removal of
the lox-P-flanked DNA in specific tissues of the whole animal, which is accom-
plished by breeding the gene-targeted mice with transgenic mice expressing Cre,
as a transgene, in specific tissues.

A variation on this scheme can be used to restore normal expression of a
mutated gene. In this case, a lox-P-flanked selectable marker is inserted into a
gene, by gene targeting, to disrupt its function. Function can be restored in spe-
cific tissues in the resulting mutant mice by mating with transgenics expressing
tissue-specific Cre in order to remove the inserted deleterious DNA, leaving be-
hind a single lox-P site in a noncritical position.

Limitations and Pitfalls of Transgenic Technologies

Variations in the design of any transgene or gene-targeting construct, as well
as local features of the integration or target site, will affect the outcome of
transgenic experiments. Integration of a transgene is random. Thus, its expres-
sion might be affected unpredictably by other promoters or enhancers at its
integration site, or the transgene might be entirely silenced by integration into a
transcriptionally inactive chromosomal region. This has been termed the “neigh-
borhood effect.” Expression might also be influenced by epigenetic phenomena,
such as methylation. Another chance event that will alter the intended experi-
mental outcome, but which can be exploited, is insertional mutagenesis, described
above. If the transgene happens to integrate in a position that causes the disrup-
tion of an endogenous gene, the experiment might be more informative about the
endogenous gene than the transgene.

With gene targeting, a possible complication can arise if the selectable
marker, which is essentially a foreign transgene, remains in the genome. Either
this gene or its promoter could potentially affect expression of the targeted gene
or neighboring genes. In gene-targeting experiments that involve deletions, it is
possible to unknowingly remove cryptic regulatory regions located within introns
and thus, potentially, to affect expression of nearby genes.

Phenotypic effects observed following any mutational change, whether
through a transgene, gene targeting, or a naturally occurring mutation, are subject
to what are called “genetic background effects.” The mutant phenotype might
vary in different animals depending on what other genes that animal possesses
(its genetic background). For example, a mutation might show a different pheno-
type in two inbred strains if those strains carry different alleles in other genes that
directly or indirectly modify the phenotype of the mutant gene. These back-
ground effects will be largely unpredictable, but this situation provides material
to identify and isolate modifier genes and thus to increase understanding of ge-
netic pathways. The judicious use of inbred strains, in which the mice are theo-
retically 98% genetically identical, allows these background effects to be studied
(e.g., see Lander and Schork 1994).
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Animal-Cloning Technology

Recently, it has become possible to produce small numbers of genetically
identical mice by the procedure of fusing individual cumulus cells from an adult
female into individual enucleated eggs, thereby providing each egg with a diploid
nucleus. This Cumulina family is in its third generation of transfers (Wakayama
etal. 1998). Recently, mice have been cloned from fibroblasts derived from adult
tail snips (Wakayama and Yanagimachi 1999a,b; Wakayama et al. 1999). In
testing situations in which genetic variability is a problem, such clones could
provide a uniform population.

POSSIBLE APPLICATIONS OF MODEL ANIMAL RESEARCH TO
DEVELOPMENTAL TOXICOLOGY

Are Simple Toxicological Tests Possible?

Using the New Knowledge

The new knowledge gained from model animal research should be appli-
cable to developmental toxicology in at least three important ways:

1. In developing more effective assays to test for environmental toxicants.

2. In assessing the risks of known toxicants.

3. In investigating toxicological mechanisms, the understanding of which
will allow development of new therapeutic approaches to toxicant-induced de-
fects.

In keeping with the third charge to the committee to evaluate how this infor-
mation might be used to improve qualitative and quantitative risk assessment,
this section deals primarily with possible new model organism approaches to
toxicant detection and to the analysis of the mechanism of action of toxicants on
developmental processes. The committee will draw upon these new approaches
in Chapters 8 and 9 in proposing a multilevel, multidisciplinary strategy to im-
prove developmental toxicity assessment.

Learning from the Ames Test

Ideally, scientists would like to have an inexpensive test system analogous to
the Ames test, which is used, and sometimes misused, for detecting potential
carcinogens. The Ames test was based on the assumption that many carcinogens
are mutagens and that most mutagens are carcinogens. This test uses sensitized
bacteria to measure the mutagenic activity of test samples. It is inexpensive,
rapid, and suitable for testing many compounds under many conditions.
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Is a similar test possible for developmental toxicants? Probably not. Whereas
carcinogens act in a limited number of ways, primarily by inducing mutations in
the DNA of somatic cells, developmental toxicants probably act by a large vari-
ety of mechanisms involving many aspects of development. Attempts to use very
simple metazoans, such as hydra, to test for general effects on development have
proved to be unsuccessful, because the results obtained were not interpretable as
predictive of mammalian responses. On the other hand, the rodent assays, which
are now considered the most predictive of human developmental responses, are
expensive and slow and hence suitable for assaying only a small number of com-
pounds. As currently performed, they also might detect only gross effects.

From the knowledge now being gained about developmental mechanisms, it
seems possible that many developmental toxicants (those that defy the drug-me-
tabolizing defenses of the animal) will prove to act by perturbing the signaling
pathways involved in the many inductive interactions between cells and tissues.
(As previously emphasized, signaling pathways appear to be highly conserved
among most animal phyla.) However, this hypothesis remains largely untested.
Do known developmental toxicants affect signaling pathways, and if so, is this
how they cause developmental defects? Pursuit of these questions is a search of
mechanisms of developmental toxicity. Using the simple and relatively inexpen-
sive animal model systems amenable to genetics, scientists should be able to
answer these questions. If the answers are yes, as is the committee’s hypothesis,
it should be possible to design evaluation approaches for potential developmental
toxicants with the use of animals, having sensitized genetic backgrounds and
reporter-gene outputs, to detect effects on specific signaling pathways, as de-
scribed in further detail below. Results will have to be used with caution, so that
false positives are not overinterpreted. However, a judiciously applied battery of
such tests could represent a major advance in developmental toxicity testing.

Sensitized Genetic Models for Testing of Specific Pathways

Some mutations essentially shut down a pathway by completely inactivating
a component. Others that produce less inactivation cause no visible phenotype,
although they bring the pathway close to a threshold of function and, therefore,
render it sensitive to changes of activity of other components of the pathway—
changes that by themselves might be asymptomatic. In signaling pathways, such
sensitization can be accomplished either by raising or by diminishing the level of
activity of a particular component, depending on its activating or inhibiting con-
tribution. Change in the activity of a second component of this pathway due to
mutation would cause the threshold to be crossed to altered function and pheno-
typic consequences. Hence, depending on how the assay is established, a pheno-
type might be enhanced or suppressed by perturbing a second element. In at-
tempting to define a pathway, genetic screens for new dominant mutations that
enhance or suppress the pathway-defective phenotype in a mutagenized, geneti-
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cally sensitized strain of the test animal can be used to identify genes for new
pathway components. Because the sensitization can often be designed to affect
the pathway only in a particular tissue, this approach can succeed, even if a path-
way is used in many places and many stages of development and null mutations
cause phenotypes too pleiotropic to be interpretable.

Such sensitized strains should also be useful for identifying toxicants that
modify the activity of a pathway component. Advantages of testing on animals
having a tissue-specific sensitized pathway include the following:

» The chemical’s effect can be assigned to a pathway without knowing the
particular target protein, or even all elements, of the pathway.

» Biologically relevant thresholds of effect can be sought, because low doses
should suffice.

» Phenotypes are more readily and reliably assessed, because they are re-
vealed in a tissue-specific manner.

A variety of sensitized models and other approaches to assaying effects of
known and potential developmental toxicants on specific pathways should be
possible in the test animals considered here. All the model animal systems pro-
vide opportunities for developing methods of toxicity assessment and for investi-
gating toxicological mechanisms (these opportunities are discussed in greater
detail in Chapter 8). (Questions will be considered below on extrapolation to
humans and the differences between animals and humans in uptake and metabo-
lism of toxicants and in developmental processes.) Although the readouts of the
assays involve scoring the development of various invertebrate organs, these read-
outs are chosen because they are likely to reveal effects of toxicants on conserved
signaling pathways, and not because the organs are like mammalian organs. A
relevant point is that human polymorphisms of signaling components might sen-
sitize certain individuals to the detrimental effects of environmental agents.

Test animals for which genetic manipulations are difficult are not mentioned
in the following section. For example, the FETAX test makes use of the frog
Xenopus laevis. Although much has been learned about the development of Xe-
nopus by mRNA injections into the egg, assays of cDNA libraries, and in situ
hybridization, the organism is not yet amenable to easy genetic manipulation, and
transgenesis procedures are in the early stages of use (Kroll and Amaya 1996).
Thus, the committee does not believe that it equals the genetic model organisms
for use in sensitive and ultimately informative assays of toxicants.

Caenorhabditis elegans

Suitability for Developmental Toxicology

Advantages of C. elegans include its low maintenance cost in the laboratory
and properties mentioned above: its facility of genetic analysis, including rapid
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reverse genetics using RNAI, its anatomical and developmental simplicity, and
its transparency throughout the life cycle, allowing visualization of internal phe-
notypes at the cellular level and expression of fluorescent reporters, such as GFP,
in living specimens. One possible disadvantage is that, as a soil organism, it
might have evolved resistances to some chemicals that can act as developmental
toxicants in higher animals. These differences could in principle be characterized
and genetically modified. Another possible disadvantage is that its collagenous
cuticle might be impermeable to many test compounds. However, since larvae
and adults constantly ingest materials from their environment, compounds that
are not rapidly degraded should enter the animal through the gut.

Assays with Sensitized Pathways

Many of the signaling pathways described in Chapter 6 have now been dem-
onstrated to function in C. elegans development. Of particular potential utility
for toxicological applications are pathways important for postembryonic devel-
opment but not essential for viability up to that point, so they can be assayed in
living animals. A few examples of such pathways follow. For some, sensitized
strains are already available; for the others, they can be easily constructed.

Receptor Tyrosine Kinase (RTK) Pathways. One of the best-studied signaling
pathways is not essential for viability in C. elegans but does mediate the induc-
tion of the hermaphrodite vulva in the hypodermis. The gonadal anchor cell re-
leases an epidermal-growth-factor-like signal to nearby hypodermal cells that re-
ceive it via an appropriate RTK and the downstream components of a typical Ras
signaling pathway. Defects in this pathway lead to an easily visible lack of a
vulva (and, hence, inability to lay eggs) or to multiple vulva-like structures
(Sternberg and Horvitz 1991). This organogenesis operates in the last larval stage,
when the animal feeds actively. Sensitized strains for screens for enhancer and
suppressor mutations are already available and could be used to test for effects of
toxicants on pathway function.

Transforming-Growth-Factor (TGF) B Pathways. Also nonessential for larval
viability are two distinct pathways responding to different TGFp-superfamily
ligands, which interact via receptor serine and threonine kinases with typical
downstream Smad protein components. One is involved in controlling develop-
ment of C. elegans larvae into a diapause form (the dauer larva) under adverse
conditions, and the other is in control of body size and patterning of the tail of the
male (Riddle and Albert 1997; Padgett et al. 1998; Suzuki et al. 1999).

Notch and Delta Pathways. Pathways involving the Notch-like receptor LIN-12

and a Delta-like ligand, also nonessential for larval viability, affect postembry-
onic gonadal and vulval development. Another pathway involving the Notch
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homolog GLP-1 and a Delta-like ligand controls germ-line proliferation in the
hermaphrodite. However, since GLP-1 signaling is also essential for early induc-
tions in the embryo, further genetic modification would have to be carried out in
order to use the GLP-1 variant of the pathway.

Wnt Pathways. Several recently discovered pathways involving WNT-like
ligands and the homologous receptors appear to be important for establishing cell
polarities and resulting patterning processes throughout C. elegans development;
however, some of these pathways appear to be required only postembryonically
and are nonessential for viability (Wood 1998).

Stress Pathways. GFP reporters have been made for various heat-shock proteins
of the cytosolic unfolded protein pathway. Because C. elegans is transparent,
transgenic animals carrying such reporters could provide a convenient readout of
stress-pathway activation in response to toxicants.

Apoptosis Pathway. Much of the current fundamental knowledge of cell-death
control was worked out in C. elegans. The pathway of interacting gene products
that controls apoptosis during normal C. elegans development is well defined
(Metzstein et al. 1998). It is considerably simpler than the pathways that are
emerging in mammals, as is true for the simple model organisms in general; there-
fore, all aspects of the mammalian mechanisms are not represented in C. elegans.
For example, there is only one cysteine protease, CED-3, in C. elegans, and there
are at least 10 in humans (Salvesen 1999). Nevertheless, the control pathways are
fundamentally similar. Sensitized pathways that can be produced by mutations in
C. elegans should prove useful in testing for toxicants that cause developmental
defects by way of apoptosis. As noted in Chapter 6, a variety of toxicants in-
crease apoptosis in affected rodent embryos.

Behavioral Development Pathways. Although the behavioral repertoire of C.
elegans is limited, the neural and molecular bases for several behaviors are well
understood in the context of the completely mapped connectivity of its simple
nervous system, which includes only 302 neurons. Because these behaviors are
easily scored in the laboratory, assays for abnormal development or function of
neuronal signaling pathways could provide simple, inexpensive, and useful
screens for neurotoxins and other toxicants affecting development.

Genetic analyses have identified over 100 genes required for development of
animals with normal movement. The “uncoordinated” (UNC) phenotypes result-
ing from mutations in these genes can be the consequence of either neuronal or
muscular defects (Moerman and Fire 1997; Ruvkun 1997). Assays for toxicant
effects on movement could therefore detect interference with the normal develop-
ment and function of both muscles and the neurons that control them. Moreover,
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a skilled observer can distinguish many different UNC phenotypes associated
with specific defects that are genetically and often physiologically understood.
Therefore, comparison of toxicant-induced abnormal movement to behavior of
known mutants could rapidly provide initial evidence on the point of action of the
toxicant.

More specialized assays could be developed based on the animal’s chemosen-
sory abilities. C. elegans normally senses and responds appropriately to a variety
of ionic and volatile chemoattractants (e.g., Na*, K*, ethanol, and ketones) and
chemorepellants (e.g., acid pH, Cu?*, octanol, and benzaldehyde) in their envi-
ronment (Bargmann and Mori 1997). These responses are mediated in the head
by chemosensory neurons, which send information for control of movement via
the major anterior ganglion, called the nerve ring, and the ventral and dorsal
nerve cords. Chemoreception involves a large family of 7-membrane-pass cell-
surface receptors, which are divergent from chemoreceptors in vertebrates. How-
ever, the neurotransmitter receptors (both ligand-gated channels and G-protein
linked), neurotransmitter synthesis and release pathways, and G-protein-linked
second-messenger pathways involved in chemoresponses are highly conserved
between C. elegans and mammals (Bargmann 1998). Extensive genetic and neu-
ron ablation studies have shown that defects in the development of these signal-
ing pathways lead to abnormal chemosensory responses, which are easily and
inexpensively assayed on agar plates in the laboratory.

Another potentially informative assay system could be based on the C.
elegans dauer pathway. The dauer (enduring) larva is a state of diapause that
allows a population to survive periods of limited food and overcrowding. Under
such conditions, the animals produce a pheromone that can be detected by sen-
sory neurons in the head. Presence of the pheromone induces molting of L2
larvae (see Figure 7-1) to an alternative form of the L3 larva called the dauer
larva or simply dauer, which is resistant to dessication, does not feed, and has a
low metabolic rate and an increased lifespan of several months compared with
the normal lifespan of about 2 weeks. This response is mediated by a signaling
pathway that is clearly homologous to the metabolically crucial pathway of insu-
lin signaling in mammals. Genetic analysis has identified components of the
pathway that are required for dauer formation under starvation conditions, as well
as components required for preventing dauer formation when food is available
(Riddle and Albert 1997). Defective function of either class of components is
easily assayed in the laboratory.

Not only could such assays serve as the basis for testing toxicant effects on
nervous system development and function, but also the extensive knowledge of
the cells and molecules involved should make it possible to rapidly identify the
components affected by a toxicant that causes behavioral defects.
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Testing for Pathway Readouts Using Functional Genomics Technology

A limitation of the above approach is that only genetically well-defined path-
ways can be tested for toxicological responses, and only one pathway can be
tested at a time. More global tests will soon be possible that take advantage of the
complete genomic sequence of the nematode. (As discussed in Chapter 5, func-
tional genomics refers to the profiling of all transcription from the genome.) The
targets of most signaling pathways in development are transcription factors; thus,
the end result of the signal is a change in the pattern of transcripts synthesized by
responding cells. DNA microchips carrying ordered arrays of cDNAs represent-
ing all the C. elegans expressed genes will soon be available, allowing rapid
comparisons of mRNA populations from different stages of development and
from wild-type and mutant animals at the same stage. As data from such tests
accumulate, it should be possible to define “fingerprints” of the mRNA changes
that result from perturbation of specific signaling pathways. Once these finger-
prints are defined, comparison of animals treated versus not treated with a devel-
opmental toxicant could indicate whether a particular pathway or pathways are
being affected. Such DNA microchips with arrays for detecting 6,000 mRNAs
have been successfully used to detect changes of gene expression in yeast cells in
mating circumstances or not (Spellman et al. 1998) and in cultured human cells
exposed or unexposed to serum (Iyer et al. 1999).

RNAIi Testing of Candidate Genes Affecting Toxicant Responses

Several genes known to encode proteins affecting toxicant responses in mam-
mals have homologs in C. elegans. Examples are the genes for the aryl hydrocar-
bon receptor (AHR) and the AHR nuclear translocator ARNT (Powell-Coffman
et al. 1998), whose normal functions are not yet fully understood in any animal.
As an approach toward understanding the role of such gene products, their nor-
mal functions can be conveniently investigated in C. elegans by reverse genetics
using the RNAi technique described above.

Drosophila

Suitability for Developmental Toxicology

Both the low cost of rearing flies and the ease of constructing special stocks
are special virtues of Drosophila for the testing of potentially dangerous chemi-
cals. One difficulty, however, will be to determine the effective dosage of the
chemical being tested and the most effective route of delivery. Development of
the eye and wing takes place during pupal development, although most of the
growth of the eye and wing primordia (imaginal discs) occurs in the larva. The
pupal case is relatively impermeable to anything except very lipophilic com-
pounds. These compounds can be dissolved in acetone and applied directly to the
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pupal case. For example, juvenile hormone, an isoprenoid, readily passes through
the cuticle. However, water-soluble test chemicals would have to be included in
the food fed to 3- and 4-day-old larvae (third instar) or injected into pupae or flies
(see later discussion of successful cases).

Assays with Sensitized Pathways

Because Drosophila has already shown the utility of sensitized screens for
detecting new components in developmental pathways, there is little doubt that
appropriate genetic stocks can be developed that would be useful for identifying
potential toxic compounds. Such compounds would formally act like secondary
mutations in reducing or increasing the activity of some other pathway compo-
nent. In cases in which the sensitized strains are vigorous, as was the case for the
sevenless mutants in the Simon et al. (1991) screen, mutant flies can be used
without further genetic manipulations. In many instances, however, the sensi-
tized strains are weak due to the fact that the signaling pathway is used for mul-
tiple functions, resulting in reduced viability. In these cases, the FRT-FRP sys-
tem for producing clones of cells (see Figure 7-4), homozygous for sensitizing
mutations, will be extremely useful. Careful construction of strains will also
provide for “twin clones,” one for the homozygous mutation and the other for
clones homozygous for the wild-type genes. This twin clone will provide a record
of the loss of the mutant clone in these instances where the homozygous mutant
cells become inviable due to chemical treatment.

The compound eye and the wing are two excellent organs for the analysis of
potential toxic chemicals. Both are nonvital organs under laboratory conditions,
and indeed eyeless and wingless flies are viable and fertile. Both organs are
easily scored for developmental effects. Both have a relatively large precursor
population so that the frequency of clones is relatively high, if the FRT-FRP
system is used. Finally, many of the major signaling pathways function in estab-
lishing the regular pattern. A few examples will illustrate these features.

Ras Signaling in Eye Development. Earlier in this chapter, the committee de-
scribed an example of a screen that uses a sensitized genetic background to iden-
tify genes in the receptor tyrosine kinase pathway involved in Drosophilia eye
development (Simon et al. 1991). The use of sensitized systems to reveal chemi-
cal modifiers has in fact been well demonstrated for the Drosophila eye.
Peptidomimetics that block isoprenylation interfere with RAS membrane binding
and activity and, as shown in Figure 7-5, when injected into flies, can abrogate
the abnormal phenotype of the activating RAS vall2 mutation (Kauffmann et al.
1995). The same agents block activated Ras-induced tumors in mice, confirming
cross-species relevance of the assay used as a chemical and genetic indicator.
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FIGURE 7-5 Effects of peptidomimetics on eye development in Drosophila. (Panel A)
Normal compound eye with 800 ommatidia, each a bundle of seven photoreceptor cells
and a bristle. (Panel B) The eye of a RAS vall2 mutant in which the receptor tyrosine
kinase (the sevenless pathway) is overactive. Note the disarrangement of ommatidia.
(Panel C) A pupa was injected with a peptidomimetic that blocks isoprenylation, hence
interfering with Ras membrane binding and activity. This reduces the activity of the path-
way toward normal. The eye is more normal in development. (Kauffmann et al. 1995).

Transforming-Growth-Factor (TGF) B Pathways. The Dpp gene in Drosophila
has been instrumental for identifying downstream components of the mammalian
TGFB cascade, such as the SMAD genes (Chanut and Heberlein 1997). Dpp is
required in both the eye and the wing for normal development, and there are
specific alleles of Dpp that strongly affect each of those organs. In addition,
stronger alleles could be used in combination with a clonal analysis.

Hedgehog Pathways. Although Hh functions in the eye, its effect is not easily
seen in small clones, presumably because of the diffusible nature of the HH pro-
tein (Heberlein et al. 1995). Effects might be more visible in wing clones, or it
might be useful to develop sensitized systems for one of the downstream func-
tions of the Hedgehog pathway, such as protein kinase A or the transcription
factor cubitus interruptus (equivalent to the GLI oncogene in mammals).

Notch Pathways. Notch is required both for eye development and formation of
the sensory components along the wing edge (Baker and Yu 1997). A wide
variety of mutations specifically affecting the wing are available; therefore, clonal
analysis should be useful.

Whnt Pathways. The Wingless ligand is required for establishing pattern in the
wing and legs, and for limiting the eye domain. Clonal analysis of sensitized
mutations should be efficient in detecting components of this widely used path-
way.
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Fibroblast-Growth-Factor (FGF) Pathways. The FGF pathway, which is a sub-
set of the RTK pathways, is not used in either the eye or the wing in Drosophila,
but it is required for proper tracheal branching, a process that is readily visible in
living larvae by a variety of techniques. Consequently, specific interference with
this pathway might also be detectable (Klambt et al. 1992). The tracheae are
branched airways of the respiratory system of Drosophila. Their development
has interesting similarities to angiogenesis in vertebrates, which involves FGF
signaling.

Stress Pathways. Much of the original characterization of these pathways (e.g.,
the heat-shock response) was done in Drosophila. For convenient scoring of
chemical effects, a variety of transgeneic strains have been constructed with re-
porter genes that are activated under conditions of stress.

Cell-Cycle Control. Drosophila might also be useful for the analysis of com-
pounds that interfere with control of the cell cycle or that activate various check-
point control pathways. Compounds stored in the egg during oogenesis support
nearly all of the critical cell divisions required to achieve the free-living larval
stage. During the larval stages, growth of the larva occurs by polyploidization
and cell enlargement rather than by cell division. The only dividing cells in the
larva are the precursors of the adult structures, and they increase in number prior
to metamorphosis in the pupal stage. Most loss-of-function mutations in genes
that are required for the cell cycle result in larval lethality, often at the larval and
pupal boundary (metamorphosis), when the absence of adult precursor cells be-
comes critical. Consequently, it should be possible to test various chemicals for
their ability to thwart the growth of adult precursor cells.

It could be argued that toxicant effects of the cell cycle are better studied in
defined cultured conditions with, for example, culture-adapted differentiated cells.
Indeed, cell lines are available, or could be prepared, with one or the other of the
17 intercellular signaling pathways functioning in culture, and these would be
valuable for assessments of toxicant effects (e.g., effects on activin’s action as an
erythroid differentiation factor in human erythroleukemic cell lines). The advan-
tage of a proliferating developing system, such as the Drosophila imaginal discs
described above, is that several signaling pathways simultaneously influence pro-
liferation, in their full complexity of signal release via the Golgi and signal modi-
fication in the extracellular space, in addition to signal reception and transduc-
tion. Thus, the initial net cast to find toxicant effects might be wider than that in a
cell culture system. Still, the latter could be very useful in focused identification
and analysis of toxicant effects.

Possible Assays of Behavioral Development in Drosophila

Because of complex courtship behavior, feeding habits, and biological
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rhythms, flies have become an excellent organism for identifying genes involved
directly in behavior. Some of the major discoveries of genes controlling specific
behavior traits have been accomplished in Drosophila. For example, the recent
identification of genes controlling circadean rhythms in mammals (Takahashi
1995) owes its origin to the genetic screens that revealed the per locus in Droso-
phila (Konopka and Benzer 1971). Subsequent Drosophila screens have dis-
closed other components of the molecular clock—such as Timeless, Cycle, and
Clock—which are also conserved in other organisms for photo-period regulation.
Similarly, genetic screens in Drosophila have identified the mutants, such as
Dunce, Turnip, Cabbage, Amnesiac, and Rutabaga that affect associative learn-
ing (Dubnau and Tully 1998). These genes have been shown to be part of the
adenyl cyclase pathway.

Possibly the most elaborate behavioral patterns of Drosophila involve court-
ship behavior, which includes a series of species-specific activities essential for
successful mating (Hall 1998). Starting from these successful pioneering studies,
many of which were initiated in the laboratory of S. Benzer, Drosophila has
become a useful organism for exploring the genetic basis for alcoholism (Bellen
1998), susceptibility to drugs (McClung and Hirsh 1999), aging (Lin et al. 1998),
and other neurobehavioral traits. Because of the simplicity of its life cycle and
rearing needs, the fly will continue to be an important first step in the identifica-
tion of genes controlling a wide variety of behaviors. It should also be extremely
useful for detecting deleterious effect of toxicants on specific behaviors, and as
described above, the tests could be done on sensitized strains.

Zebrafish

The zebrafish is an appropriate model organism in which to test potentially
toxic chemicals for several reasons. First, the zebrafish is a vertebrate and there-
fore of more direct relevance to the role of pathways in development of verte-
brate-specific tissues and organs, such as the neural crest (Kelsh et al.1996;
Schilling et al. 1996) and parts of the heart (Stainier et al. 1996), which are af-
fected in many congenital anomalies. Second, chemicals can be added directly to
the water (Stainier and Fishman 1992). Third, the zebrafish embryo is transpar-
ent, so tissue and organ development can readily be assayed. Viable, preferably
dominant, mutations would be needed as the sensitized target to make such screens
achievable on a large scale. Some viable pigmentation mutations have different
heterozygous and homozygous phenotypes, indicating a dose responsiveness to
the defect (Haffter et al.1996), and therefore are candidates, but these mutations
have not been cloned, so the affected pathways remain to be determined. The
potential is great for devising assays for chemical effects on development.

The zebrafish embryo has been used for toxicological assays (Ensenbach and
Nagel 1995, 1997; Henry et al. 1997; Mizell and Romig 1997); however, it has
not been developed for sensitized assays. Such assays are now feasible and would
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be advantageous. Also, there are now a number of mutants for components of
signaling pathways (e.g., BMP2, Nodal, and Cripto).

One of the original hopes for the study of zebrafish was that it would permit
the genetic dissection of behaviors, including learning. In principle, the transpar-
ency of the embryo offers the opportunity for simultaneous assay of neuronal
activity. Several behaviors are established early during development. For ex-
ample, the embryo becomes motile and will respond to touch within the first day
of postfertilization (Saint-Amant and Drapeau 1998), and eyes follow a striped
drum (termed the optokinetic response) by 3 days (Brockerhoff et al. 1995).
Screens have already identified genes that modify these activities (Brockerhoff et
al. 1995; Granato et al. 1996). Mutations that perturb locomotory behavior have
been shown to affect a variety of sites, including receptors, the CNS, or muscle
(Granato et al. 1996). Rhythmic activity, such as circadian rhythms (Cahill et al.
1998) and cardiac pacemaking (Baker et al. 1997), are embryonic in their time of
onset and can be dissected by genetics (Baker et al. 1997). Whether these behav-
iors may be modified is not known, but modification would provide a means to
garner genes for learning, addiction, and memory. The effects of chemicals on
the development of these behaviors remain to be examined, but the availability of
specific behavioral assays is at hand.

A radiation hybrid map of the zebrafish genome has been completed, the
map coverage being 81.9% of the genome. The map is based on a panel of 94
radiation hybrids (Geisler et al. 1999). A large-scale insertional mutagenesis
screen in the zebrafish, with the goal of isolating about 1,000 embryonic muta-
tions, is under way (Amsterdam et al. 1999). This approach is similar to the
Nobel Prize-winning approach of isolating a large number of Drosophilia mu-
tants—described in an earlier chapter.

Mouse

Transgenic Animals and Developmental Toxicology

Mice and rats have long been the mammals of choice for toxicological tests.
Their advantage over the previously discussed model organisms is their similar-
ity, as mammals, to humans. An advantage of mice over rats is the advanced state
of the procedures for genetic manipulation and the large number of mutant and
inbred strains already available. The disadvantage of mice and rats, compared
with the other model organisms presented above, is their expense. To use them to
test tens of thousands of compounds under a range of exposure conditions or in
combinations is not feasible. Thus far, little use has been made of sensitized
strains and reporter strains to improve toxicant detection and to learn more about
mechanisms of toxicity.

Furthermore, little analysis has been done on the differences between mice
and humans that lower the validity of cross-species extrapolations. There are
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likely to be two main kinds of differences: (1) differences in the steps by which
the active or activated toxicant is introduced to the embryo or fetus, and (2) dif-
ferences in the components of developmental processes, making the toxicant have
more effect or less effect on developmental function and resulting in a more se-
vere or less severe developmental defect. Enough is now known about absorp-
tion, distribution, metabolism, and excretion, especially regarding drug-metabo-
lizing enzymes (DMEs), to make systematic comparisons between humans and
rodents possible. Many components of signaling pathways and genetic regula-
tion, which are central to development, are also now known in test animals and
humans, and those components could be compared systematically as well.

As summarized by Malakoff (2000), the use of mice in biomedical research
and drug testing is expected to increase dramatically in the next few years, espe-
cially as the sequencing of the mouse genome approaches completion, and the
increased use of mice will create opportunities in developmental toxicology.

Gene-Deletion Transgenics for the Study of DMEs

Only within the last 5 years have transgenic methodologies been brought to
bear on the reciprocal relationship between the animal’s genetic constitution and
its susceptibility to developmental toxicants. A particularly important and ap-
proachable set of genes are those encoding enzymes that metabolize exogenous
chemicals. As discussed in Chapter 5, there are two major categories, the oxidiz-
ing enzymes (mostly P450 proteins) and the conjugation enzymes. There might
be tens of these enzymes that metabolize most chemicals and hundreds more that
metabolize a few chemicals each. In addition, several known transcription fac-
tors activate the expression of genes encoding these enzymes, and some of these
factors themselves bind exogenous chemicals.

Much remains to be learned about the role of the various enzymes in generat-
ing and removing active toxicants, and the gene-deletion approach in the mouse
has great advantages. At least in some cases the knockout mice are viable and
fertile. One pioneering example in which gene-deletion transgenics was used
concerns the dioxin-inducible mouse gene battery (Nebert and Duffy 1997), a
group of genes believed to play an important role in developmental toxicity.
Much more of this analysis can and should be done, both to understand the role of
these enzymes in potentiation and detoxification and to define human and mouse
differences for better-informed extrapolations of animal-test data.

Overexpression Transgenics for the Study of DMEs

Another approach to the study of developmental toxicity using transgenic
animals is to overexpress, or ectopically express, a gene of interest in the embryo
and fetus. For example, one could ask whether overexpression or ectopic expres-
sion of a gene encoding a particular oxidizing or conjugating enzyme either sen-
sitizes or protects the embryo and fetus from the adverse effects of developmental
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toxicants. Expression of transgenes can be driven by ubiquitous, constitutive
promoters, such as B-actin, to induce expression in most, if not all, cells of the
embryo. Alternatively, transgene expression can be limited to specific tissues by
using tissue-specific promoters. Finally, transgene expression can be limited to
specific stages of development and specific tissues by using one of several induc-
ible expression systems such as the Cre-recombinase described above.

Transgenes as Biomarkers for the Activation of Stress, Checkpoint,
and Apoptosis Pathways

Transgenic mice might also play a role in testing drugs and chemicals for
potential developmental toxicity (see further discussion in Chapters 8 and 9). As
scientists learn more about normal development and about the mechanisms of
developmental toxicity, in part from studies using gene deletion or overexpression
approaches, sufficient information should become available to construct trans-
genic mouse lines designed to contain biomarkers of the animal’s toxic response
to a chemical. For example, a transgenic mouse could be constructed that con-
tained a transgene consisting of the heat-shock promoter linked to an appropriate
reporter gene, as has been done in Drosophila. This reporter, in turn, could be used
to determine whether specific drugs and chemicals induce a stress response, which
is often associated with developmental toxicity. Such a biomarker transgene could
be used for in vivo developmental toxicity studies, or cells from appropriate tis-
sues could be used for in vitro testing. Other stress and checkpoint pathways could
be connected to reporter genes as well, as could components of apoptosis.

Signaling Pathways as Developmental Targets of Toxicants

As noted above, the mouse is at present the animal of choice for the selective
knockout or replacement of genes. A large number of genes encoding compo-
nents of many signaling pathways have now been eliminated, one at a time, as
summarized in Chapter 6 (Tables 6-4 and 6-5), and the phenotypes of the single-
gene homozygous null mutants have been examined. Surprisingly, many of these
mutants achieve advanced development, living past birth, and some reach fertile
adulthood. Many have discrete developmental defects. The current explanation
of the viability of these mutants is that vertebrates have large, partially diversified
families of genes for most signaling components, and the genes, which are ex-
pressed at different times and places in the embryo and fetus, encode proteins of
partially redundant function. Defects tend to occur at times and places where
there is no overlap of expression. A number of double and triple mutants have
been made as well, and they have more severe effects.

Sensitized test mice can certainly be prepared for the testing of toxicant ef-
fects on development (i.e., mice with a particular pathway operating at or near the
limiting rate in a designated developing tissue). Animals can also be prepared
with lacZ or GFP reporter genes to give enhanced readout of effects on pathways.
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Assays of Altered Behavioral Development in the Mouse

As noted in Chapter 2, developmental defects include functional as well as
structural defects, but functional defects are less well diagnosed and less well
understood. Behavioral defects comprise a large category of functional defects.
The testing of environmental agents in animals for behavioral defects as an out-
come of prenatal exposure is sometimes done, but not routinely. If an agent is
suspected to have neurotoxic effects, a developmental neurotoxicity battery is
required, and the suspected agents are mostly pesticides, fungicides, and rodenti-
cides (see Makris et al. 1998; EPA 1998f).

In the developmental neurotoxicity tests, pregnant rodents are treated with
the agent from day 6 after conception until 10 days after birth to include transfer
of the chemical in the milk, and then the pups are tested in various ways from day
4 to day 60. Tests include a functional observational battery (FOB) and special-
ized behavioral tests.

The FOB includes cage-side observations of arousal; autonomic signs; con-
vulsion; tremors; gait; mobility; posture; rearing; stereotypy; responses to touch,
approach, tail pinch, and clicks; foot splaying; grip strength; righting reflex; body
temperature; and body weight. The specialized tests include those of motor func-
tion, sensory function, and cognitive function. Motor-function tests involve tests
of grip strength, swimming endurance, use of the suspension rod and rotorod,
discriminative motor function, gait, righting reflex, and various ratings of spasms
or tremors. Sensory-function evaluations include discrimination conditioning and
reflex modification related to auditory, visual, somatosensory, and olfactory in-
puts and pain sensitivity. Cognitive-function tests include habituation of the
startle reflex and classical conditioning related to the nictitating membrane, fla-
vor aversion, passive avoidance, and olfactory conditioning.

Twelve chemicals, mostly pesticides, were tested by the above protocol, re-
viewed retrospectively as a group, and various developmental neurotoxic effects
were distinguishable (Makris et al. 1998). Concordance was found between struc-
tural alterations of the nervous system and behavioral defects. The difficulties of
interpreting the developmental causes of behavioral defects were discussed.

In the effort to assess functional defects, the committee favors greater inclu-
sion of behavioral tests with other tests of toxicants. It would be useful to cali-
brate these tests with mice of known genetic defects affecting aspects of
neurodevelopment. Null knockout mutants in homozygous and heterozygous
condition could be used. The importance of modifier genes in the genetic back-
ground of each transgenic mouse line cannot be underestimated. It would also be
useful to calibrate the tests with animals treated with doses of toxicants just be-
low the level giving detectable structural defects in CNS development.
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TABLE 7-3 Advantages and Disadvantages of Four Model Animals for
Toxicant Testing

Organism Advantages Disadvantages
C. elegans Relatively inexpensive, short life Some signaling pathways are apparently
cycle, small size, large populations, not represented (e.g., Hedgehog);
extensive information on genetics, short life cycle, so test compounds
genomics known might persist long enough to
complicate the study of sensitive
developmental periods and of primary
versus secondary effects
Drosophila Relatively inexpensive, short life During pupal development organism is
cycle, small size, large populations, inaccessible to toxicants; short life
extensive information on genetics, cycle, so test compounds might persist
genomics known long enough to complicate the study
of sensitive developmental periods and
of primary versus secondary effects
Zebrafish Simple vertebrate, transparent, external ~ Relatively expensive, long life cycle,
embryos, best organogenesis model genetics and genomics research in
progress
Mouse Mammalian model, most similar to Relatively expensive, long life cycle,

humans, targeted gene replacement
possible

embryonic development in utero and
not as easily accessible for
manipulation as other model animals

Comparative Utility of Model Organisms

In summary, each of the four genetically tractable model organisms—C.

elegans, Drosophila, zebrafish, and mouse—offers promise for development of
tests to identify potential developmental toxicants, and each has advantages and
disadvantages, as summarized in Table 7-3.

A useful approach, which the committee will present more fully in Chapter
8, might be to develop the more-rapid and inexpensive systems, namely, C.
elegans and Drosophila, for preliminary large-scale assays, which can be fol-
lowed up by more definitive tests using the vertebrate models, zebrafish and
mouse, which, although slower and more costly, are more likely to give results
relevant to humans.

GENE EXPRESSION AS DETERMINED BY IN VITRO AND
ENGINEERED CELL TECHNOLOGIES

Mammalian cells in culture, as an inexpensive and fast complement to whole-
animal (e.g., mouse and rat) studies, can be used for a wide variety of specific
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purposes related to mechanisms of developmental toxicity and polymorphic varia-
tion in susceptibility of toxicants. The incisive use of cultured cells has been
enhanced greatly by molecular methods in which genes of choice (from any or-
ganism including humans) can be introduced into such cells, for example, to ex-
press variant forms of DMEs and to investigate the relation of function to allelic
variation.

Human allelic variants code for gene products different from those encoded
by the wild-type allele, and it is important to characterize and, if possible, quan-
tify any functional alterations. The fundamental techniques available for study-
ing gene expression include (1) expression in vitro where DNA from the allelic
variant or wild-type allele is transcribed to the mRNA and then translated into a
functional, active protein in a cell-free extract; (2) high-level expression in cells
from which proteins can be purified with relative ease; and (3) expression in
eukaryotic cell culture in which the cell or the cell’s DNA has been modified (i.e.,
genetically engineered). These techniques rely on the gene (or at least the cDNA-
encoded “coding region” responsible for generating the amino acid sequence of
the protein). The cDNA encoding the allele being studied must first be cloned
into an appropriate plasmid vector that includes regulatory sequences that drive
and terminate transcription and a selectable marker gene. As outlined below,
each of the aforementioned expression strategies is used by the investigator to
meet specific needs. In general, these in vitro and cell-culture systems are very
useful, because they are relatively quick, efficient, inexpensive, and use simple
technologies when compared with the development of mouse lines or other ani-
mal-model systems.

There is a major shortcoming, however, in the in vitro and cell-culture ex-
pression systems. Single-nucleotide polymorphisms (SNPs) outside the amino-
acid-determining region of the gene (e.g., splice junctions; promoter sequence; 5
and 3’ untranslated regions; and enhancers upstream, downstream, and inside the
gene) can have striking effects on expression of the gene under study, and the
effects would generally not be realized, characterized, or quantitated by the in
vitro and cell-culture expression systems (Nebert 1999).

Expression In Vitro

There are both reticulocyte lysate and wheat-germ lysate combined transcrip-
tion and translation kits now commercially available to assess the interaction of
the protein under study with another purified protein. To use these systems, a
plasmid containing the cDNA of interest and a radiolabeled amino acid are added
to the lysate. Although the protein of interest is not expressed at high levels
relative to the total amount of proteins in the lysate, it is the only radiolabeled
protein in the reaction mixture.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9871.html

and Risk Assessment

USING MODEL ANIMALS TO ASSESS DEVELOPMENTAL TOXICITY 193

High-Level Expression in Cells

Proteins or enzymes of interest can be expressed at very high levels, which
can be advantageous for studying certain functional alterations. The most com-
monly used systems include plasmid-transformed bacteria (Oudenampsen et al.
1990), baculovirus-infected insect cells (Kost and Condreay 1999), and vaccinia-
virus-infected mammalian cells (Chakrabarti et al. 1985; Eckert and Merchlinsky
1999). All three systems allow high-level expression of cloned genes. In gen-
eral, bacterial expression is the easiest to use. However, both the baculovirus-
infected and the vaccinia-virus-infected expression systems are eukaryotic, and it
might be particularly important to use them if post-translational processing or
intracellular accessory factors are needed in the production of a functional gene
product. Moreover, proteins expressed in any of the above systems can be given
“tag sequences’ to allow for rapid, specific purification.

Transient and Stable Transfections of Mammalian Cells in Culture

Yeast (Oeda et al. 1985), African green monkey kidney fibroblast COS cells
(Zuber et al.1986), and vaccinia virus (Battula et al. 1987) were among the earli-
est expression systems in vivo. They have been successfully used to study DME:s.
Allelic DNA can be transfected (passed into the cell) by microinjection or by
chemical-DNA aggregation methods including calcium phosphate precipitation
and liposome-mediated transfection. By using such methods, followed by antibi-
otic treatment to isolate cells that house the plasmid containing the selectable
marker gene, cells can be transfected either transiently or stably. In transient
transfections, expression of the gene is generated from extrachromosomal copies
of the transfected plasmid and persists until the expression plasmid is degraded or
diluted by cell passage. In general, 5% to 50% of all cells in culture contain the
incoming gene, the DNA is not stably “integrated” in the cell’s genome, and the
transfected cells contain many copies of the new genetic material. In contrast, for
stable transfections, the incoming DNA is integrated (albeit randomly) into the
cell’s genome. Cells expressing the gene under study are initially selected on the
basis of co-expression of a gene that provides antibiotic resistance. After antibi-
otic selection, continued cellular propagation in the presence of the antibiotic will
ensure that the gene of interest is expressed in a more or less permanent (i.e.,
stable) fashion—remaining after the cells are passaged on through many addi-
tional generations. The copy number of integrated genes is highly variable and
can range from one to several dozen, and the genes are generally arranged in
tandem (head to tail) at an “integration site” that normally cannot be directed, or
controlled for, on an experimental basis.

For better gene expression in culture, one or more introns (even when they
are artificially inserted) have been found to enhance gene activity in cultured
cells (Palmiter et al. 1991); alternatively, small genes with fewer than 10 and
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usually fewer than 5 exons and introns can often be transfected transiently or
stably into cells in culture as the complete gene. Dozens of promoters have been
studied over the past 15 years. They include the Drosophila heat-shock promoter
(Hsp), the mouse mammary tumor virus long-terminal repeat (MMTYV LTR) hav-
ing a glucocorticoid response element (GRE), enhancer sequences from simian
virus 40 (SV40) and herpes simplex virus type 1 (HSV-1), human cytomegalovi-
rus (hCMV), thymidine kinase (Tk), and locus control regions of the
metallothionein gene (LTR-MT) displaying variable potencies in driving tran-
scription (Blackwood and Kadonaga 1998; Makrides 1999).

Both transient and stable expression of genes in mammalian cells have many
advantages. First, genes are expressed in a native environment so post-transla-
tional modifications and subcellular targeting are authentic. Second, many trans-
formed mammalian cell types are available for transfection. This allows for the
selection of cell types—with the proper intracellular accessory factors or pro-
teins—for enzyme activities that most closely resemble their in vivo counter-
parts. Finally, expression of gene products can be controlled by an increasing
number of eukaryotic promoters. Thus, the levels of expression, including induc-
ible expression, can be controlled.

Generations of cell lines that stably express DME genes represent the new
generation of pharmacological and toxicological test systems (Langenbach et al.
1992). Expression of stably transfected DME genes in Epstein-Barr virus (EBV)-
transformed human B-lymphoblastoid cell lines has provided cell lines that sci-
entists can use to study and categorize numerous foreign compounds. Those
drugs or chemicals can be classified according to the intermediates formed by
way of the different metabolic pathways. More than a dozen EBV-transformed
human B-lymphoblastoid cell lines are already commercially available (Crespi
and Miller 1999). They contain anywhere from 1 to 12 human P450 and other
DME genes (i.e., cDNAs), which retain their substrate specificity with regard to
the metabolism of particular drugs or classes of pharmaceutical agents.

Some of these cell lines are already being used by pharmaceutical companies
to determine whether a newly developed drug is metabolized by a particular DME.
If, for example, the new drug is shown to be a CYP2D6 substrate, it is already
known that humans differ by 10-fold to more than 30-fold in the activity of that
enzyme (see Chapter 5). Poor metabolizers (the PM phenotype, which comprises
6% to 10% of Caucasian populations) would thus be expected to metabolize the
new drug more slowly than extensive metabolizers (EM phenotype) and much
more slowly than ultra-metabolizers (UM phenotype). If the parent drug is toxic,
the PM individual would be at increased risk; if the CYP2D6-mediated metabo-
lite is toxic, then the EM and especially the UM individual would be at increased
risk. Dosage of the drug can therefore be adjusted to the patient’s genotype
before the physician prescribes the new drug. For drugs already on the market,
molecular epidemiologists can search for possible associations between reported
differences in birth defects or other developmental problems and genotype of the
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mother (or child, fetus, or embryo)—keeping in mind the range of drug doses that
might have been given.

During the next decade, dozens more of the DME genes (alone and in combi-
nation) are likely to be expressed in the human B-lymphoblastoid cell lines or in
other similar stably transfected cell backgrounds to determine which enzymes are
responsible for either detoxification or metabolic potentiation of a particular drug
under study. This information will be useful in the future of developmental phar-
macology and toxicology, as well as molecular epidemiology.

SUMMARY

The committee has evaluated the state of the science for elucidating mecha-
nisms of developmental toxicity and concludes that such elucidation, although
not yet realized, can be achieved in the next decade for the following simple
reasons:

1. Developmental biology has reached the molecular level of mechanistic
explanations.

2. The accumulation of new and relevant information about vertebrate de-
velopment is rapid (assisted greatly by research on model organisms, such as
Drosophila and C. elegans).

3. The accumulation of genome sequence data for humans, mouse, rat, and
Drosophila is rapid, adding to that already available for C. elegans, yeast, and
many prokaryotes. Information on human polymorphisms and rare variants and
their disease relatedness is increasing rapidly, as are data on the ever-increasing
library of mouse mutants.

4. The methods are powerful and widely applicable, and the species barriers
to comparative study have been greatly reduced in the past few years.

The committee begins in this chapter, and continues in the next, the third
charge to evaluate how this information can be used to improve qualitative and
quantitative risk assessment. In this chapter, the committee summarizes some of
the techniques for modifying model organisms, including the mouse, for effec-
tive use in assays evaluating agents for potential developmental toxicity and for
elucidating mechanisms of toxicity. The committee concludes that the methods
and background knowledge are at hand to make incisive comparisons of humans
and model animals so that the extrapolation of results from model animals to
humans can be more accurate and useful for risk assessment.
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A Multilevel Approach to Improving Risk
Assessment for Developmental Toxicity

In this chapter, the committee addresses its third charge to evaluate how the
new information and opportunities described in Chapters 4, 5, 6, and 7 can be
used to improve qualitative and quantitative risk assessment for developmental
effects. To make such improvements, the committee envisions exploiting the
insights and opportunities from two kinds of research efforts:

« First, research advances can be made in the understanding of mechanisms
of developmental toxicity. As discussed in Chapter 4, this entails an understand-
ing of the toxicokinetics of delivery of the chemical to a target site with an under-
standing of all the subsequent toxicodynamic steps. These steps include the
chemical’s interaction with the target molecule(s), the consequence of altered
target molecule activity for one or more developmental processes, and the subse-
quent emergence of a particular pathogenesis (developmental defect).

» Second, research advances can be made that would increase our ability to
reliably extrapolate from test results from model test animals to humans and to all
members of the heterogeneous human population. As discussed in Chapter 3,
risk assessors often resort to applying large default corrections to the animal data
to estimate allowable human exposure concentrations of chemicals because of
uncertainties about the relevance of animal data to humans. These uncertainties
underlie the quantitative limitations of current risk-assessment approaches.

In the committee’s judgment, a research agenda should be prepared that ad-
dresses these gaps in knowledge about mechanisms of developmental toxicity
and in the ability to extrapolate the results of animal tests to humans. The new

information about development and genomics should be incorporated into the
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agenda. The agenda would address basic scientific questions about which there is
inadequate information. Specific areas of opportunity include:

o Intraspecies differences in sensitivity to toxicants. Genetic differences
are suspected to be a major factor in intraspecies differences within human popu-
lations and within test-animal populations. Do individual differences concern
mostly genetic variation in toxicokinetics, particularly in DMEs? Do they also
include genetic variation in developmental components, such as those of the 17
intercellular signaling pathways used throughout development? Do multiple ge-
netic differences have additive effects for the individual’s toxicant susceptibility?
Is genetic variation in components of molecular-stress pathways also important
in the individual’s response to toxicants? What is the contribution to individual
susceptibility of nongenetic differences, such as those of age, history of disease,
nutrition, and exposure to other chemicals and pharmaceuticals?

» Cross-species extrapolation. What are the toxicokinetic differences, par-
ticularly in the activities of drug-metabolizing enzymes (DMEs), between test
animals and humans? Are differences in susceptibility to developmental toxi-
cants due to differences in developmental molecular components and processes?
Can some of the differences between test animals and humans be reduced or
eliminated?

o Extrapolation of high-dose exposure of small populations of test animals
to low-dose, long-term exposure of a large human population. Do chemicals
have different toxicokinetic and toxicodynamic effects at high doses versus low
doses? Does the organism rely on different protective responses to chemicals at
different doses, such as enzymatic detoxification at low doses, molecular-stress
reactions at intermediate doses, and the apoptotic response at high doses?

o Expanded test information for numerous chemicals and, especially, mix-
tures of chemicals. Can structure-activity relationships be obtained for a larger
variety of chemicals by using in vitro tests with purified components (e.g., DMEs
and developmental components of signaling pathways and transcriptional regula-
tion)? Can model animals be genetically modified so that more mechanistic in-
formation can be obtained from them than from standard animal tests? As mecha-
nisms are better understood for certain chemicals, can the effects of related
chemicals be better predicted?

THE MULTIDISCIPLINARY, MULTILEVEL,
INTERACTIVE APPROACH

The committee will outline in the remainder of this chapter a multidisci-
plinary, multilevel, interactive approach in which recent and future advances in
developmental biology and genomics can be integrated with developmental toxi-
cology to improve risk assessment for human developmental defects. This ap-
proach is not simply an alternative to current practices, but represents a novel
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approach to assess risk for developmental defects. In Chapter 9, the interface of
risk assessment and developmental toxicology is further explored within the
fourth charge to the committee to develop recommendations for research in de-
velopmental toxicology and developmental biology to assist in risk assessment.

The approach is multidisciplinary and multilevel because it invokes a wide
variety of sources of information for risk assessment, including not only the as-
sessment of toxicity and mechanism of action of chemicals in a variety of model
systems (in vitro assays, nonmammalian models, and mammalian models), but
also the assessment of toxicity, susceptibility, and exposure in human popula-
tions. The approach is appropriate to the risk assessment task, because assessing
developmental toxicity is a broad and difficult area. The understanding of toxic-
ity mechanisms entails both toxicokinetics and toxicodynamics, ranging from
molecules to pathogenesis. Furthermore, the analysis of the differences between
model systems (e.g., test organisms) and humans, as needed to improve extrapo-
lation of test results, will require extensive comparative work at a variety of lev-
els. These advances will depend on knowledge from chemistry, biochemistry,
molecular biology, cell biology, developmental biology, genetics, ecogenetics,
anatomy and organ physiology, genomics, and even systematics and evolutionary
biology (e.g., finding conserved and nonconserved processes of development). A
multidisciplinary, multilevel approach is needed to “bridge the gap” between the
emerging scientific information and the assessment of human risk. At the same
time, an interactive approach is needed for the dynamic interplay between the
sources of new information and the needs of risk assessors.

The committee’s multilevel approach should not be mistaken for a multi-
tiered approach, where a specific order of evaluation and types of testing are
specified. In a strict tiered approach, screening data at a low tier (low-cost, high-
throughput tests, low assurance of relevance to humans) are first used to estimate
risks of a large number of agents, and an agent with a high potential risk estimate
at this tier triggers more rigorous and relevant tests, with higher associated costs,
at successively higher tiers. For example, the Endocrine Disruptor Screening
Program (EDSP) will use a tiered approach (EPA 1998g). Although the
committee’s multilevel approach also involves tests ranging from inexpensive,
high-throughput tests to slow, rigorous, and expensive tests, the approach differs
in several respects. First, there is no uni-directional triggering of higher level
testing by results obtained from a lower level test. Testing can be done indepen-
dently at any level or at several levels, depending on the particular compound, the
risk assessment questions, the anticipated human exposures, and the commercial
uses considered for that compound. Results at one level could lead to tests at
lower levels rather than higher levels. Second, the different testing levels yield
different kinds of information, all with the potential to contribute to the knowl-
edge of toxicity mechanisms, from molecular interactions to pathogenesis, and
the understanding of the basis for extrapolation. All levels are designed to pro-
vide information useful for human developmental toxicity risk assessments. For
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example, if a chemical (parent compound or metabolite) shows toxicity in a mam-
malian test, with hints of interference with a particular cell signaling pathway, the
next step might be to analyze the mechanism of toxicity in a genetically sensi-
tized invertebrate model system specifically designed to evaluate that cell signal-
ing pathway. Likewise, observations from receptor-binding assays might prompt
a re-examination of the overall impacts of a compound on organ development in
a mammal. Thus, assessments are anticipated to have implications for analyses
in both directions in the information levels. As new scientific observations are
made, this approach allows the incorporation of new data into the risk-assessment
framework.

Ultimately, risk assessment has much to gain from the multidirectional flow
of information across these information levels. In Figure 3-1, the committee
introduced two-way arrows to indicate the importance of the responsiveness of
the whole process to issues and ideas raised not only by science but also by risk-
assessment needs. In light of the gaps in knowledge of toxicant effects, risk
assessment is most likely to improve when research and risk assessment reinforce
each other. Understanding mechanisms of toxicity can then be useful for predict-
ing which other potential toxicants might act by the same mechanism, improving
the ability to develop structure-activity relationships. Understanding the basis for
extrapolations between test animals or in vitro assays and humans will give risk
assessment greater validity. An iterative and interactive process for risk assess-
ment was first defined in the National Research Council (NRC) report Science
and Judgment (1994). However, such a process has yet to be fully implemented
in risk assessment for developmental toxicology.

Table 8-1 summarizes the committee’s multilevel approach. There are two
components, each with four sources of information: (A) assessment in model
systems of toxicity and mechanism of action of developmental toxicants (Table
8-1A), and (B) assessment in human populations of toxicity, susceptibility, and
exposure to toxicants (Table 8-1B). The left column in both tables lists for each
information level the experimental description of the tests, the application of the
tests, the number of tests that can be done per year, and the value of the test
information for risk assessment.

Toxicity Assessment in Model Systems

Information levels 1 and 2 of model systems in Table 8-1A generally involve
relatively inexpensive and fast characterizations of chemicals and developmental
effects. They should provide valuable information about which developmental
pathways (signaling pathways and transcriptional regulatory circuits) are affected
by which toxicants. Although extrapolations to human risk would be very limited
without additional toxicokinetic and toxicodynamic information, the testing ca-
pacity should be available to characterize a large number of chemicals, and in-
deed, most of the several million chemicals in the environment, including chemi-
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cals from natural products such as plants, have never been characterized for de-
velopmental toxicity. (It must be noted, however, that the EDSP plans to test
87,000 chemicals.) Of course, it will take years to develop, standardize, and
validate these assays; however, the potential utility in screening with validated
tests is high and justifies the effort. At information levels 3 and 4, the cost is
higher and the test times are longer, but extrapolation to human risk potential can
be more direct.

Information levels 1 and 2 make use of model systems of far less complexity
than humans. The results from these specialized cell assays and model organisms
would be useful to organize chemicals according to their effects (e.g., to reveal
chemicals that bind to the same protein—e.g., a nuclear-hormone receptor—or
interfere with the same conserved cell signaling pathway). Assays in information
levels 3 and 4 are likely to improve in their relevance to humans in the near future
as differences between rodents and humans are better understood and as geneti-
cally modified model animals become available. These models will more closely
resemble humans with respect to toxicant uptake, metabolism, and developmen-
tal response.

The information level approach integrates risk assessment information from
a variety of sources, both model systems and humans, and incorporates steadily
improving methods into these sources of information. The recent advances in
developmental biology that reveal the conservation of cell signaling pathways
and genetic regulatory circuits across species, even phyla, gives a new demon-
stration to the toxicological principle that chemical impacts in humans can be
predicted from animal systems. Further research will clarify the similarities and
differences between model animals and humans and will improve the ability to
extrapolate risk across species.

How the test results will inform risk assessment will depend in part on the
questions asked. The bottom row of Table 8-1A describes the information avail-
able to risk assessment from each assay type. Until scientists gain a better under-
standing of embryonic development and the mechanisms of toxicity, especially
the effects of chemicals on the highly conserved signaling pathways, the approach
in risk assessment should be to use combined information about predicted chemi-
cal activity, bioassays on model animals, and identification of individuals with
susceptible genotypes to predict potential risk for developmental defects in hu-
mans. For example, knowing that a chemical disrupts the activity of a component
of the Hedgehog signaling pathway in a high-throughput cell assay (a level 1
result) has limited value for direct human risk assessment. However, from level
1, it might be useful to know that four structurally related compounds all cause
inhibition of a specific kinase involved in the phosphorylation of an intermediate
of the Hedgehog pathway but with widely varying potency. If the most potent
compound is the one proposed for widespread use and release into the environ-
ment, the level 1 information would prioritize testing of that compound for ef-
fects in mammals in vivo. Thus, information on molecular and biochemical ac-
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tions of chemicals at a cellular level, when considered in light of specific risk
questions (human use and exposure paths), can be informative to human risk
assessment.

The four information levels for toxicity assessment in model systems (Table
8-1A) are presented below in detail.

Model Systems Information Level |

This level includes molecular, biochemical, and cell-based assays. Assays
should be designed for a high throughput of chemicals, perhaps 105-10° assays
per year, to provide basic information on the types of chemicals that disrupt sig-
naling pathways and activate molecular-stress pathways and on the conversion of
chemicals by DMEs. Such information will inform hazard identification and the
evaluation of modes of action in risk assessment. For hazard identification, such
assays will provide

 structure-activity information,

« relative potency information for chemicals evaluated in the same assays,

 information about the activity of chemical mixtures, and

» some quantitative information across assay end points for estimating rela-
tive potency across chemical classes.

When coupled with estimates of actual or impending human exposure, such assay
information would be useful in prioritizing chemicals for in vivo assessments at
information levels 2 and 3.

With the recent advances in molecular techniques, results from 103-10° tests
of chemicals or chemical mixtures are feasible within 1 year. Assays already
exist for estrogen receptors (EPA 1998g), and they could be readily modified to
include other nuclear-hormone receptors, including the orphan members. Re-
lated assays could be devised for the transmembrane receptors, the various trans-
duction intermediates, and the other 16 signaling pathways and their genetic regu-
latory proteins. Several pharmaceutical companies have active programs to
evaluate chemicals in relationship to retinoic acid receptor binding and their phar-
maceutical-versus-developmental-toxicity activities. Biochemical assays could
involve purified human proteins expressed in bacteria or insect cells. Cell assays
could involve mammalian cell lines or yeast into which human receptors (e.g.,
various receptor tyrosine kinases (RTK)) have been introduced. Molecular-stress
pathways, cell-cycle checkpoint pathways, and the apoptosis pathway have al-
ready been shown to be especially relevant for environmental toxicants because
of their roles in the cell’s response to chemically induced deoxyribonucleic acid
(DNA) damage, impaired DNA synthesis, spindle damage, and kinetochore mal-
function. The genes encoding these pathways could be introduced into yeast or
cell lines equipped with reporter genes for easy assessment.

At this high-throughput level, many chemicals should be assayed as sub-
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strates or inhibitors of human DMEs, both the oxidases and the converting en-
zymes, in biochemical assays or in cell lines carrying a variety of human DME:s.
Such approaches have begun (for a review, see Crespi and Miller 1999). Thus
far, this information has found limited use in risk assessment for several reasons.
First, many assays have not utilized consistently stabilized transfected cell lines,
and therefore the responses have been variable. (This variability has also been
problematic for the EDSP.) Second, gene-induction profiles for specific com-
pounds have shown tremendous variability when inducers are compared across
established human cell lines. Thus, although comparisons can be made across
compounds within some cell assays, comparisons across cell lines and with ani-
mals remain problematic.

Ongoing research efforts in these areas should help clarify and resolve these
issues. However, risk assessors need to understand what types of information
these assays can provide for assessment. Recent conferences have summarized
key information available from the use of human cell- and tissue-based assays
(Society of Toxicology (SOT) Workshop on In Vitro Human Tissue Models in
Risk Assessment, September 1999). Additional work on such systems would
prove especially useful, as such recent conferences attest.

As data are obtained, they would be entered in a widely accessible database
(e.g., the recent Science magazine Web site for cell signaling pathways,
www.stke.org). Compounds with high activity in such tests could be prioritized
for higher levels of testing, especially if human exposure is current or pending.
Compounds that do not show effects in these assays would still need testing at
other levels of assessment if human exposure or environmental release is likely.
At this information level, false positives are preferable to false negatives, and
high sensitivity is preferable to low sensitivity (see discussions on how to use
such information to strategize test applications by Lave and Omenn 1986).

It is expected that comprehensive gene expression assays will soon become
routinely available with DNA microarrays. Some arrays now include 6,000-
10,000 DNA sequences in order to detect changes in messenger ribonucleic acid
(mRNA) levels (after conversion to complementary (c) DNAs) in cells or tissues
exposed to a chemical. Libraries of yeast strains, each carrying one of the 6,000
genes on a plasmid with a reporter gene, will soon be available. These libraries
will represent a full-spectrum profile of the effects of chemicals on gene expres-
sion. The committee expects that the assays at this level will be better and broader
in the near future and emphasizes the need to expeditiously put the results from
these assays in the context of temporal patterns, and dose and downstream re-
sponses.

Model Systems Information Level 2

At this level, nonmammalian animals should be used to assess the potential
for chemicals to affect developmental processes. The animals are small, inexpen-
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sive, and fast developing. Information about their development is abundant, and
genetic manipulations are easy. They can be genetically optimized to contain
various sensitized signaling pathways and molecular-stress pathways and can of-
ten be coupled to reporter genes for enhanced observation of effects. Also, the
animals could be genetically modified to reduce their differences from humans in
various ways, such as their array of drug-metabolizing enzymes. (The committee
acknowledges, however, that unrecognized differences between humans and these
test animals may exist and may invalidate comparison. For example, humans and
test animals may differ in unknown proteins of trans-epithelial transport of the
toxicant or in unknown serum proteins that bind the toxicant. Therefore, valida-
tion studies would have to be done with a set of toxicants to establish cross-
species concordance.) Assays would be designed for a medium throughput of
chemicals, perhaps 103-10% assays per year. Some combinations of chemicals
could be tested, and various doses could be examined in some cases to discern
low-concentration and threshold effects for specific developmental pathways. The
fruit fly and the nematode are currently the most favorable organisms for use.
The zebrafish will probably be the most favorable vertebrate for use.
Genetic modifications can include the following:

» Sensitization of animals (e.g., individual signaling pathways are made
rate-limiting for some aspect of development, such as eye or wing formation in
Drosophila, so that a slight increase or decrease in the pathway’s function due to
a chemical would give an altered phenotype). The signaling pathways would be
those used repeatedly in early development and conserved across many phyla,
namely, the RTK, transforming growth factor (TGF) 3, Wnt, Notch, Hedgehog,
and nuclear-hormone receptor pathways.

 Introduction of various reporter genes to enhance the readout of effects.

* Introduction of human signaling components into the animals to reduce
the extrapolation.

¢ Introduction of human DME genes into the test organism so that, when-
ever possible, animals are presented with the same metabolized form of chemi-
cals that humans would produce.

General toxicity caused by a chemical can be distinguished from specific
effects on development in the animals by evaluating general lethality, growth,
and developmental effects versus specific effects on the particular locally sensi-
tized pathway of development.

An argument against the use of these model organisms is that the amount of
information relevant to chemical effects on human organogenesis will be small,
because the organs of model organisms, such as the fruit fly and nematode, differ
substantially from those of humans. However, it is important to note that the
choice of model organisms reflects the new insights about conserved processes of
development, and emerging opportunities to directly assay for processes that are
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dependent upon each specific pathway. The signaling pathways and genetic regu-
latory circuits used in the development of the fruit fly and nematode organs are
largely the same as those used in human organ formation but are used in different
combinations and express different genes to form species-specific organs. At
information level 2, the fruit fly organ can be used for assaying for chemical
effects on conserved signaling pathways and gene regulation. In addition, some
fruit fly organs are now thought to have deep evolutionary similarities to particu-
lar vertebrate organs, including human organs, in their combination of pathways
and circuits. Examples of organs and structures include the development of the
heart, gut, eyes, appendages, blood vessels and tracheae, somites and body seg-
ments, and several structures associated with neurogenesis. Thus, for some or-
gans and structures, the human and fruit fly differences are not great.

Chemicals showing effects on development can be identified for additional
testing if human exposure or use is anticipated. Presumably, some of the chemi-
cals active at information level 1 would also be active at level 2. In fact, effects at
level 1 should allow predictions of effects in assays at levels 2 and 3. For ex-
ample, if particular signaling-pathway components are affected in biochemical
and cell assays, it should be possible to predict which kinds of organogenesis will
be affected in the fruit fly, nematode, and zebrafish. False positives and high
sensitivity are still to be preferred over false negatives and low sensitivity for
useful information at level 2. All the test information would be entered in a
database linking chemical-structure information and toxicity.

As described for information level 1, assays in level 2 will provide

 structure-activity information,

« relative potency information for chemicals evaluated in the same assays,

 information about the activity of chemical mixtures, and

» some quantitative information across assay end points for estimating rela-
tive potency across chemical classes.

In addition, these assays will give information on affected organs and organ sys-
tems. Impacts on specific cell signaling pathways can be connected to defects in
organogenesis and perhaps to functional deficits (e.g., see the behavioral assess-
ments in model organisms discussed in Chapter 7).

It is expected that DNA microarray techniques will have an increasing role in
level 1 and 2 assessments. At present, the methods are sensitive and reliable
enough to detect manifold differences in mRNA profiles in cells and tissues ex-
posed to different conditions (e.g., growth medium, ploidy, and temperature),
however, interpreting the changes remains a problem. In the near future, there
will undoubtedly be microarrays representing certain classes of genes and gene
products, for example, those for signaling components, by which the changes in
mRNA profiles can be related to particular developmental processes altered in
the presence of toxicants. Also, as information accumulates, it will be possible to
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correlate the various patterns of altered gene expression caused by chemicals
with unknown mechanisms with those changes known to be caused by toxicants
acting via known mechanisms or by identified mutations in developmental pro-
cesses. In this way, the effects of known and unknown compounds could be
compared, as well as the relative strength of particular compounds in eliciting
particular modes of action.

Model Systems Information Level 3

Due to expense and time, mammalian tests have a lower throughput of chemi-
cals than described for information levels 1 and 2, perhaps 10% per year. (For
reference, several hundred rat tests are now done per year in preparation for evalu-
ations of human risk.) In the context of risk assessment (i.e., exposure pathways,
human use, and environmental release), the tested chemicals would be those re-
quiring a quantitative assessment of human risk. Chemicals that alter signaling
pathways, molecular-stress pathways, or checkpoint pathways in assays at infor-
mation levels 1 and 2 would be scrutinized at level 3 to ascertain in vivo mamma-
lian effects.

Test animals would likely be the mouse and rat. At present, the mouse has
the advantage of much greater available genetic information and ease of genetic
manipulation, but the rat genome project will soon make that information avail-
able as well. Although it is widely recognized that mice and rats differ from
humans in their metabolism of chemicals by DMEs and in their developmental
responses to chemicals, these differences have not been well analyzed or charac-
terized. Assays at level 3 will benefit greatly in the near future from research
comparing mice and humans with respect to the uptake, conversion, and clear-
ance of chemicals. The experimental means to analyze the metabolic differences
are available, and the genetic means are available to reduce or eliminate the dif-
ferences, thereby improving the accuracy of extrapolation across species. For
example, mice could be provided with human transgenes to give a human-like
profile of DMESs and other proteins of toxicokinetic importance. In cases in which
differences cannot be eliminated, the differences should be well characterized so
that bounds can be set on default corrections. Test animals can also be geneti-
cally modified to approximate the more sensitive rather than less sensitive mem-
bers of the human population. Research is focusing on the analysis of human
polymorphisms, and many of them could be approximated by genetically modi-
fied test animals. Although it can be argued that genetically modified animals
might give false positives, the opposite can be argued—namely, that when a
chemical has no negative effect in the sensitized test animal, the result would not
require so many orders of magnitude of default correction when the extrapolation
to humans is made at the time of risk assessment.

The molecular-stress and checkpoint pathways are expected to be activated
by a wide range of toxicants and to show toxicant effects. Recently, these path-
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ways for oxidative stress, protein unfolding, and checkpoints (including those
involving p21 or p53) have been used for developmental toxicity assessment
(Wilson et al. 1999; Wubah et al 1997). Test animals might express a reporter
gene in response to a chemical without suffering overt developmental damage.
This result could be taken as an indicator of the need to retest the chemical at
other doses and times, or in combinations with certain other chemicals, for syner-
gistic detrimental effects. Mouse strains are available with sensitized signaling
pathways (see Tables 6-4 and 6-5 on targeted disruption of genes encoding sig-
naling components) in which null alleles are used in heterozygous or homozy-
gous states and in various combinations. Animals could also be made to possess
a variety of reporter genes by which the responses through specific signaling
pathways could be assessed easily. Similar programs are already under way with
sensitized mice for carcinogen assays (Eastin et al. 1998). Until recently, the lack
of pathways with clearly identified developmental relevance has limited similar
programs for developmental toxicity assessment.

Level 3 assessments provide the highest level of information routinely avail-
able to a regulatory agency for evaluation of risk—that is, information requiring
the least default correction for estimating human risk, although some default cor-
rections are still likely to be needed. The new information on development and
genomics implies that different genetically modified mammals would be optimal
for testing different chemicals. The choices could be guided by the results of
levels 1 and 2 tests. The following kinds of information available from mamma-
lian systems would include

 structure-activity information, with activity carried to the level of effects
on mammalian organogenesis,

 relative in vivo potency information,

» some information about activity of chemical mixtures,

* mechanistic information from sensitized animals, and

» quantitative information on shape of dose-response relationships in in vivo
organ systems.

Model Systems Information Level 4

Perhaps only 10 chemicals per year can be studied at this level. Those stud-
ied should be those for which further research would give important information
about (1) chemical effects on development, (2) basic mechanisms of develop-
mental toxicity, and (3) significant clues for human risk assessment (e.g., analyz-
ing differences between test animals and humans). Such chemicals might be
prototype members of families of chemicals for which other derivatives would
deserve testing at lower levels for relative toxicity, where mechanisms of action
can be elucidated or where the effects are difficult to score, as in behavioral and
other functional assessments. These chemicals might also represent compounds
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for which widespread environmental exposure is anticipated or is occurring. Pre-
sumably, this information would feed back into improvements of the level 1, 2,
and 3 assays and would provide valuable input for the chemical databases. The
animals used in these studies would probably be mammals, especially genetically
optimized rodents.

The committee recognizes that the action of some toxicants might fall out-
side the realm of current understanding of development (i.e., of areas emphasized
in this report). Studies of such mechanisms would necessarily fall into level 4
assays (i.e., basic research). Two approaches of note are (1) DNA microarray
surveys of changes in gene expression of cells or test organisms treated with
potential toxicants, which then require the researcher to interpret the changes and
substantiate the interpretation; and (2) phage display methods to screen and iso-
late cellular proteins that bind particular toxicants, which then require the re-
searcher to identify the role of the protein in the cell and its relevance to a toxicity
mechanism.

Assessment of Toxicity, Susceptibility, and Chemical Exposure
in Human Populations

The committee believes that the quality and the accessibility of human epide-
miological information need re-examination, in light of its present and increasing
relevance for developmental toxicity risk assessment. The committee considered
ways to link data from human surveillance studies with data from in vitro studies
and in vivo animal studies and discussed how new biomarkers of exposure and
susceptibility in humans could be linked more effectively with new biomarkers of
effect, in order to improve the assessment of human risk for developmental toxic-
ity. The committee defined four informational databases as domains of informa-
tion about humans. These databases were not referred to as “levels,” because
they provide different kinds of information and cannot be ranked, as the model
systems can, by remoteness or immediacy of human relevance. All the databases
contain information of use to risk assessors.

Database of Human Developmental Outcomes

This database is the domain of information from epidemiology and surveil-
lance. The quality of various case reports of birth defects and possible toxicant
exposure varies widely. Many are incomplete and of unknown accuracy. How-
ever, most known human developmental toxicants were first identified by case
reports, including thalidomide, diphenylhydantoin, diethylstilbestrol (DES), and
valproic acid. At the outset, case report information is of unknown value to risk
assessment and cannot be used without extensive follow-up, a situation similar to
information from the level 1 assays of the model systems. When correlations are
strong enough or the developmental effects are incontrovertible, the prospective
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toxicant should be brought forward for further investigation, such as more rigor-
ous epidemiological characterization of the correlation of exposure and birth de-
fect and more incisive animal testing to ascertain dose-response relationships.

In addition to case reports, there are both active and passive birth defects
surveillance systems in place, both nationally and internationally (NBDPN 2000).
They vary in quality and completeness. A number of established non-govern-
mental databases are used to monitor drug exposures and developmental defects,
and these are frequently used in pharmacoepidemiology studies (Strom 1994).

A recent study entitled “Healthy from the Start: Why America Needs a Bet-
ter System to Track and Understand Birth Defects and the Environment” and
conducted by the Environmental Health Commission (Goldman et al. 1999) evalu-
ated the quality of state tracking systems for birth defects. The study analyzed
existing data from those systems and looked at the connection between environ-
mental agents and birth defects. The authors concluded that the majority of states
either do not have a tracking system or have one that is inadequate. They con-
cluded that the data are inadequate to draw conclusions about the role of environ-
mental exposures in causing birth defects and recommended that a national effort
for tracking birth defects and a national approach for monitoring environmental
exposures be established.

Those state tracking systems currently in place are usually either active or
passive systems. In an active surveillance system, such as that administered by
the Centers for Disease Control and Prevention, trained personnel actively seek
data from sources such as vital records and hospital reports. Passive case identi-
fication involves relying on patients and health care providers to voluntarily re-
port exposures (usually drug exposures) and outcomes (Strom 1994); follow-up
is minimal or nonexistent. Passive, voluntary reporting of systems have several
limitations, including under-reporting of adverse events, incomplete information
on cases, and the retrospective nature of most adverse event reports (i.e., the
reports are made after an adverse pregnancy outcome has occurred), and the true
denominator for exposed pregnancies is not known.

There are a number of pregnancy registries currently being conducted (Weiss
et al. 1999). For example, the North American Registry for Epilepsy and Preg-
nancy is a surveillance program to monitor pregnancy outcomes in women taking
antiepileptic drugs (NAREP 1998). Some prospective post-surveillance follow-
up studies have been directed by pharmaceutical companies evaluating post-mar-
keting impacts of drugs. The committee suggests that the data from pharmaceuti-
cal company studies be made available and that the existing efforts to track human
developmental outcomes be better characterized and recognized. Improvements
could include making various information from epidemiology databases acces-
sible via the Internet.

There are databases for which known genetically based malformations are
linked with databases for specific clinically described syndromes. One example
of such a database is the On Line Mendelian Inheritance in Man (OMIM) data-
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base (see Appendix B for Internet address). As of January 2000, the results from
OMIM for genetically based malformations and pediatric diseases (out of 11,080
entries) are 10,362 (93%) with autosomal transmission; 620 (5%) with X-linked
transmission; 38 (0.3%) with Y-linked transmission; and 60 (0.5%) with mito-
chondrial transmission. Information from levels 1 and 2 of the model systems
(e.g., the numerous targeted gene disruptions in the mouse) has already pointed to
molecular and cellular processes that might be affected in numerous human clini-
cal cases with similar organ dysmorphogenesis. Linking human databases on
clinical syndromes with information from model system levels 1 and 2 would be
especially valuable, and earlier examples in this report reveal the importance of
establishing such linked databases.

Database of the Human Genome and Genomic Polymorphisms

The primary focus of this database is to provide information about the fre-
quency and distribution of genetic polymorphisms in humans. Such characteriza-
tion would allow developmental toxicologists and risk assessors to include hu-
man variation in their definition of a human response to a developmental toxicant.
One approach to address this would be to study offspring with developmental
defects for alterations in the genes of interest (e.g., DMEs and morphogenetic
pathways). Such populations (infants with malformations and surgical candi-
dates for correction of malformations) and tissues from collections around the
world are available, and have been well defined for the anomalies of interest.
Determining the frequency, distribution, and correlation for various human poly-
morphisms of consequence for susceptibility to toxicants (e.g., polymorphisms of
the DMEs and of developmental targets, such as components of signaling path-
ways and genetic regulatory circuits) with observed developmental defects would
be especially useful in defining human responses. The new information on hu-
man polymorphisms is seen as providing entrance to the realm of gene-environ-
ment causes of developmental defects. The technologies for approaching this are
now available for the first time. Such approaches can be useful for determining
the correlation between genetic variants in human populations with those ob-
served in model systems for developmental defects. There are probably large,
undefined differences and understanding these differences will be invaluable.

Information from the Human Genome Project and the National Cancer Insti-
tute (NCI) will be relevant for understanding human polymorphisms of disease-
susceptibility traits and cancer-susceptibility traits. Most of these traits will prob-
ably be complex and have several genes and modifiers. Human populations are
expected to contain a large number of sequence polymorphisms (e.g., single nucle-
otide polymorphisms occur at least at 1 in 500 bases, recent estimates being as
high as 1 in 25 bases); therefore, population samples cannot be selected only on
the basis of a shared sequence difference. Indeed, there are too many, and some
polymorphisms probably have no effect on phenotype (so-called synonymous
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and neutral mutations). Instead, the population sample must be selected on the
basis of a shared sequence difference known to result in the altered function of a
gene product of suspected relevance to toxicant exposure and susceptibility. In-
formation from model systems (e.g., mice) will be useful to establish altered func-
tion and suspected susceptibility.

Toxicant susceptibility genes are not well identified, but the current favorites
for attention are those encoding products involved in the toxicokinetic aspects of
exogenous chemicals (uptake, distribution, metabolic conversion, and clearance),
particularly the DMEs. There are at least one thousand of these gene products,
although several dozen probably metabolize 90% of chemicals. Individuals and
ethnic groups are already known to have substantial differences in these genes,
and a few such polymorphisms are associated with altered developmental toxic-
ity (e.g., a polymorphism in the epoxide hydrolase gene that might result in fetal
hydantoin syndrome in susceptible individuals; see Chapter 5 for details). How-
ever, most DME polymorphisms have not yet been associated with increased (or
decreased) susceptibility to a chemical.

Polymorphisms of genes involved in toxicodynamics need to be investigated.
As evident from the extensive discussions of conserved cell signaling pathways
and genetic regulatory circuits, the committee suggests that polymorphisms in
components of these pathways and circuits be tracked for the following reasons:

» The pathways and circuits are used widely in embryonic development.

» Polymorphisms of the genes encoding some components correlate with
particular kinds of cancers (e.g., Patched (a component of the Hedgehog path-
way) heterozygosity and basal-cell carcinoma; adenomatous polyposis coli (a
component of the Wnt pathway) loss and colon carcinoma).

» A few correlates already exist, such as higher frequency of cleft palate in
humans who smoke cigarettes and have TGF variants. Identification of Hox
Al polymorphisms in autistic populations is also progressing, as described in
Chapter 4.

Information from level 2 model-system studies and from basic developmen-
tal biology on model organisms will become ever more important for human
evaluations because many aspects of embryonic development are conserved
across phyla. It would be useful for epidemiologists interested in studying devel-
opmental defects to interact with their counterparts involved in NCI projects for
profiling cancer-susceptibility polymorphisms (several of which concern signal-
ing components). Some information from the epidemiological analysis of poly-
morphisms might be directly relevant to understanding birth defects that have
mainly a genetic rather than a genotype-environment basis.

Information from the database on the human genome and human polymor-
phisms would benefit risk assessment by providing information on human diver-
sity in relation to sensitivity to potential toxicants. This information would be
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used in level 3 of the model systems, because test animals can be made more
similar to humans in their DMEs and signaling-pathway components, in order to
improve the extrapolation from test animals to humans. The rat and mouse ge-
nome projects are expected to reach completion not long after the time of comple-
tion of the Human Genome Project, and useful information about gene identity,
location, and mutants should flow both ways between researchers focusing on
humans and those focusing on rodents.

Database of Human Biomarkers

This domain would provide the best information on human exposure to
chemicals and on human susceptibility to developmental effects from chemical
exposure. Biomarkers of exposure indicate the actual level of a chemical in the
individual (e.g., lead concentrations in blood or dentine in children; organophos-
phate metabolites in urine). Biomarkers of effect allow researchers to examine
dose-response relationships at environmentally relevant exposures in humans, and
biomarkers of susceptibility allow researchers to identify sensitive subpopula-
tions of humans. Used in combination, such biomarkers are essential for improv-
ing human risk assessment. There remains a need to improve biomarkers based
on incisive new information about toxicokinetics and toxicodynamics. Thus, a
linked database on the Internet for biomarkers of exposure, effect, and suscepti-
bility in humans should be developed.

Advances in DNA microarray technology discussed in information level 1 of
the model systems will help immensely in the development of human biomarkers.
Eventually, all the gene expression profiles of all organs and embryonic parts at
different developmental stages will be catalogued; this will provide the control
condition for detecting chemical-induced departures in gene expression. The
potential to monitor thousands of gene expression changes simultaneously in re-
gard to dose-response relationships and temporal patterns will provide a critical
link of exposure biomarkers with early effect biomarkers. Applications in human
birth defects research could be immense. However, the relevant developing data-
bases must be linked so that the numerous changes are connected to functional
effects in a developmental framework—that is, a framework organized around
the temporal and spatial changes of the embryo and fetus.

Given the sensitivity of reverse transcription polymerase chain reaction (RT-
PCR) techniques, small maternal and embryonic or fetal samples could be simul-
taneously monitored for gene-expression changes. The gene expression changes
could serve as biomarkers of effect, and responses in utero could be compared
with maternal responses to evaluate differential sensitivity. If successful, the
amount of information in such databases will challenge the organizational abili-
ties of scientists. When temporal changes in developmental patterns of gene
expression are combined with changes at different doses for thousands of genes,
the data set grows to immense size. Obviously, the storage of data in a retrievable
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form, as well as analyzing such data, pose serious issues in bioinformatics. Cur-
rent efforts are ongoing in cancer research to store and retrieve vast amounts of
data; however, there is no equivalent example for birth defects and developmen-
tal toxicology.

Biomarkers of susceptibility would include polymorphism sequence data for
which susceptibility has been correlated with protein function, as in the case of
decreased DME activity. The use of data on DME genetic polymorphisms has
lagged in carcinogen risk assessment, and in developmental toxicity risk assess-
ment, their use is even more delayed. The committee believes that DME poly-
morphisms can serve as excellent biomarkers of susceptibility and encourages
development of programs to ensure these applications. Biomarkers of
toxicodynamic (developmental) susceptibility are less advanced but might in-
clude polymorphisms of genes encoding components of signaling pathways, ge-
netic regulatory circuits, or molecular-stress pathways. Biomarkers of effect
might include indicators of early activation of molecular-stress pathways or sig-
naling pathway inhibition (e.g., due to exposure of a person to environmental
chemicals and pharmaceuticals).

Biomarkers would, in principle, provide risk assessors with better informa-
tion than that available from the human developmental outcome and human ge-
nome database to link human exposure, developmental effect, and heritable sus-
ceptibility. To conclude, the benefits of biomarkers for risk assessment include
(1) identification of susceptible populations (addressing intraspecies variability);
(2) improved dose-response information where subtle changes of biomarkers of
effect can be linked with biomarkers of exposure (addressing issues of extrapola-
tion from high to low doses); and (3) improved linkage between biological effects
in humans and mechanisms of toxic action as developed from human and animal
studies.

Database of Human Gene-Environment Interactions

Similar to level 4 of the model systems, this database would be a domain of
research inquiry in a few cases where detailed epidemiological information might
yield widespread value, and where assessment of gene-environment interactions
in birth defects is feasible given the available resources. Investigative epidemio-
logical inquiries, such as those on endocrine disruptors, methylmercury, lead, and
organophosphates, might provide adequately robust data for linkage with adverse
birth outcomes. Several of these databases have provided information supporting
interesting proposals about genetic polymorphisms (e.g., on lead and organo-
phosphates) or exposure conditions (e.g., on lead and mercury). In contrast to
pharmaceuticals, many environmental agents interact with a wide range of targets
and with different targets at different doses. Yet, the identification of critical
early biological effects that dominate or initiate subsequent disease states is es-
sential for risk assessment. Thus, some of these environmental agents are candi-
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dates for an exhaustive research analysis. The multifactorial view of develop-
mental defects accepts the possibility of complex and subtle combinations of
circumstances leading to developmental defects, and except for a few special
cases, some agents undoubtedly need to be illuminated by research, and data-
bases will be needed to store and cull the large amount of information.

The Importance of Linking Databases

The committee’s multidisciplinary, multilevel, interactive approach to im-
proving risk assessment assumes that the recent research advances in develop-
ment and genomics have the potential, not yet realized, to improve cross-species
extrapolations and cross-assay extrapolations and to ascertain the developmental
targets of toxicants.

Although more relevant information will become available for human risk
assessment, a significant challenge facing risk assessors who want to use this
information is the informatics problem. Most of the information relevant for
human risk assessment will exist in the separate databases that the committee has
described and will be organized according to discipline-focused applications. For
example, the field of medical genetics has databases containing information on
birth defect syndromes, but lacks databases containing epidemiological informa-
tion on chemical impacts on development. It was the consensus opinion of this
committee that efforts are now needed to link these diverse databases.

In this section, the committee describes the need for integrated databases that
link information from model systems and human populations. Relevant data-
bases for such purposes would include the following:

» Chemical databases with metabolic pathways, structure-activity correlates,
and bioassay results.

* Genome databases of humans, mouse, rat, zebrafish, Drosophila, C.
elegans, and yeast.

» Developmental databases containing information about components of de-
velopmental processes and their functions and interactions in model organisms
(e.g., in Drosophila, C. elegans, zebrafish, frog, and chick).

» Functional genomics databases on expressed genes, including their time
and place of expression in the embryo, and on the function of the encoded pro-
teins (specific function or categorization of function by motif).

» Databases on human polymorphisms and disease associations and on hu-
man and mouse mutants, including all the targeted disruption mutants of mice
and their phenotypes.

» Databases recording DNA microarray results of the simultaneous changes
of expression of thousands of genes (currently as many as 10,000 simultaneously)
following the exposure of cells, tissues, or organisms to various conditions.

For toxicologists, databases must be searchable by chemical names, chemi-
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cal classes, structural characteristics, and reactivities. Approaches already in place
for the structure-activity relationship databases could be used to begin identifying
relevant information. Current initiatives are under way to reanalyze archived and
frozen tissues from chemical toxicity bioassays for gene expression changes. Any
changes are then evaluated specifically for the originally tested chemical and for
structurally and functionally related compounds. Such initiatives should provide
the types of linked databases the committee believes should be developed. This
information should be linked with developmental toxicity bioassay databases as
well as with general toxicity information.

Several databases are available that contain developmental toxicity and gen-
eral toxicity information. For example, general toxicity information as well as
some developmental toxicity information on selected chemicals are contained in
the Agency for Toxic Substances and Disease Registry (ATSDR) Toxicological
Profiles, the International Agency for Research (IARC) Monographs on the
Evaluation of Carcinogenic Risks to Humans, the Integrated Risk Information
System (IRIS), and the Registry of Toxic Effects of Chemical Substances
(RTECS). There are additional specific sources for evaluating chemicals for de-
velopmental toxicity. These sources include the California EPA Hazard Identifi-
cation Documents, the Evaluative Process Documents on Lithium and Boric Acid
(Moore et al. 1995, 1997), REPROTOX, REPROTEXT, the Teratogen Informa-
tion Service, the Developmental and Reproductive Toxicological Database, and
the National Toxicology Program Teratology Studies. The newly established
National Institute of Environmental Health Sciences (NIEHS) Center for the
Evaluation of Risks to Human Reproduction will also provide detailed evalua-
tions on developmental effects of chemicals (no completed reports are yet avail-
able). Some of the above-mentioned databases and reports contain detailed tox-
icity evaluations of chemicals; others provide less-detailed summaries or contain
only bibliographic information. Some databases also include information on hu-
man exposure. It is important to connect these types of data in a way that is
ultimately useful for human risk assessments.

Genome databases are available on humans, mice, rats, zebrafish, Droso-
philia, C. elegans, and yeast with sequence information on open reading frames
(ORFs), introns and exons, cis-regulatory sequences, and relatedness to other
genes. Of particular use for developmental research would be the ability to search
and identify all genes with known developmental relevance, and to link that search
with gene expression and temporal and spatial developmental information by or-
ganism, as well as organ and tissue development across species. Efforts by the
National Institutes of Health through the NCI Cancer Genome Anatomy Project
and NIEHS through the Environmental Genome Project are directed toward iden-
tifying genes of interest for cancer and toxicology. A similar effort for genes of
developmental and toxicological relevance could be initiated and linked. In both
cases, profiles of gene expression changes can be determined for tissues with
specific developmental defects and for affected tissues after toxicant exposure.
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These gene expression profiles can be linked with specific tissue changes using
microdissection techniques. Again, emphasis on developmental characteristics is
important. Such characteristics include temporal aspects of gene expression and
multiple organisms, organs, and tissues of interest. Functional genomics data-
bases on expressed genes are particularly relevant for developmental toxicolo-
gists. Expressed sequence tags (ESTs), ORFs, and the time and place of expres-
sion of each gene in the embryo and on the function of encoded proteins (specific
function or categorization by motifs) would be essential information. For ex-
ample, signal transduction pathways and the interactions of pathways are in the
process of being summarized on the Web site www.stke.org. Journal articles, as
well as methods protocols, will be posted (announced in Science, April 1999).
Likewise, databases on human polymorphisms and disease associations, human
and mouse mutants, including all the targeted disruption mutants and phenotypes
in mice, would be important. Online access to databases listing all known human
genetic syndromes relevant for development would also be essential.

Within a decade, most genes encoding components of signaling pathways
and genetic regulatory circuits important in development will probably be identi-
fied in humans and mice (the extensive synteny among vertebrates will be valu-
able here), and their times and places of expression will be known. Many human
polymorphisms will be identified and correlated with heritable diseases. At lev-
els 1 and 2 of the model system toxicity assays, this database information will be
useful for choosing proteins to use in simple biochemical or cell assays or to
modify in test animals, such as Drosophila. It is safe to say that almost any
human gene and, hence, its encoded protein, can be put into such an animal assay.
The question will be which proteins are most relevant to the identification of
developmental toxicants in humans. If 100,000 assays can be done per year at
level 1 and 10,000 at level 2, the results would have to be preserved in an im-
mense database. Over the same period, all genes for proteins of the major
toxicokinetic pathways of chemical uptake, distribution, metabolic conversion,
and elimination in humans, mice, and rats will probably be identified, as will
polymorphisms of these genes. This information will be preserved in databases,
and should be widely available. Catalogs of phenotypes of mouse null mutants
for individual genes in the heterozygous and homozygous states, and in combina-
tion with other gene disruption, will be useful for comparison with phenotypes of
human birth defects in order to gain inferences about what is affected in human
development. The level 2 and 3 model system assays for developmental defects
will draw from these genomic databases and contribute to them. Several of the
databases of epidemiological characterizations will benefit as well.

Chemical databases might be more difficult to organize than genome data-
bases. Whereas there are about 140,000 genes in humans, the universe of pos-
sible chemicals is unlimited (the number of possible human allele combinations
is also unlimited). New compounds can always be synthesized, and their effects
on developmental mechanisms are rarely predictable, at least so far. Also, a new
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generation of specific and complex chemicals will be introduced in the near fu-
ture, because of new strategies of rational drug design based on knowledge of
protein three-dimensional structure and chemical mechanisms, and because of
high-throughput function-based screens of huge combinatorial chemical librar-
ies. Still, mechanistic evaluations of the biological effects of chemicals should
serve as an organizing principle for grouping compounds in a database and pre-
dicting their risk.

In the committee’s proposed hierarchy of four information levels for model
animal systems, each higher level provides increasingly complex information
concerning higher biological complexity and responses to environmental chemi-
cals. Systems of lower complexity might be used to organize chemicals, for
example, to reveal those chemicals that bind to the same protein (e.g., a nuclear-
hormone receptor) or act in the same signaling pathway. This information would
be useful for predicting effects at the next level, for example, on a particular kind
of organogenesis in which a particular signaling pathway is used.

SUMMARY

The committee has developed a multilevel, multidisciplinary, interactive ap-
proach for improving risk assessment for developmental toxicity. Model animal
systems and human epidemiological studies are shown to be valuable sources of
information for risk assessment, and it is emphasized that the multilevel approach
is not a tiered approach. To meet the goals of this approach, the committee has
described what information is available from model systems of differing com-
plexity, from in vitro assays to whole animals, for the assessment of toxicity and
mechanism of action of chemicals. The committee has also described databases
and database needs for assessing chemical exposure, susceptibility, and develop-
mental effects in human populations and the continuing value of human epide-
miological data for risk assessment. For each database, the committee has identi-
fied the type of information provided and how that information answers risk
assessment questions. Examples are given of the anticipated interactive aspect of
the approach, whereby new data and methods can be incorporated into the risk
assessment process. Finally, the committee has described integrated approaches
essential for the linkage of numerous relevant databases across chemicals, times
of development, descriptions of toxic effects, and applications.
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Conclusions and Recommendations

The general conclusions regarding the four charges to the committee are
given in the first part of this chapter. In response to the fourth charge, specific
recommendations are given in the second part. Several of these recommenda-
tions concern a multilevel, multidisciplinary approach for obtaining data relevant
to risk assessment for developmental toxicity, as described in Chapter 8.

CONCLUSIONS IN RELATION TO THE CHARGE

Charge 1: Evaluate the evidence supporting hypothesized mechanisms of devel-
opmental toxicity.

Issues in developmental toxicology have been clarified incisively in the past
30 years, and many experimental advances have been made. Still, there are only
a few compounds for which developmental toxicity is partially explained and no
compound for which it is fully explained in an inclusive hypothesis supported by
strong evidence. Several reasons for this limited understanding should be cited:

* Development is complicated. Only recently have developmental pro-
cesses and molecular components been elucidated. Many steps are likely to be
involved between the toxicant’s initial interaction and the ultimate developmen-
tal defect.

» The etiology of developmental toxicity is complex. Many developmental
defects of individuals might be the outcome of a multifactorial impact with over-
lap of genetic variation, exposure variation, and variation in other factors, such as
nutrition and disease. Genotype-environment interactions, especially those in-
volving several genes and environmental factors, are difficult to study, and have
usually been avoided in basic laboratory research. The complexity of develop-
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ment is manifest by both temporal- and tissue-specific sensitivities; thus, assess-
ing a toxicant’s potential effects for development requires a dynamic and multi-
level assessment strategy.

» Environmental toxicants represent a broad spectrum of agents, probably
working by a variety of mechanisms. Some toxicants probably have one or a few
targets in the conceptus (the embryo or fetus, plus the embryo-derived extraem-
bryonic tissues). Others probably have numerous targets (“broad specificity”) in
the mother and conceptus, and others probably affect the mother, whose altered
health secondarily affects the conceptus.

»  Without a thorough understanding of basic mechanisms of development
and knowledge about variability in responses across species to toxicants, insights
from animal studies have largely been only of assumed validity for human mecha-
nisms.

The analysis of mechanisms of toxicity requires advanced interdisciplinary infor-
mation and approaches of the kind that have only recently become available.

In considering hypothesized mechanisms, the committee discussed the dif-
ferent scopes and levels of understanding implied by the term “mechanism,” as
used by different researchers in biochemistry, molecular biology, genetics, devel-
opmental biology, toxicology, and epidemiology. If the emphasis on toxicant
action is exclusively molecular, some members felt that the mechanism misses
the scope of potential linked impacts of a toxicant on overall development and
morphogenesis. Additionally, most felt that a mechanism lacking molecular de-
tail is inadequate for explaining the action of toxicants. Realizing this complex-
ity, the U.S. Environmental Protection Agency (EPA 1996b) and International
Programme on Chemical Safety (IPCS Workshop on Developing a Conceptual
Framework for Cancer Risk Assessment, 16-18 February 1999, Lyon, France)
have defined chemical “modes of action” in addition to “mechanisms of action.”
In these definitions, “mechanism of toxicant action” is taken to refer to a detailed
understanding of the overall toxic response. In contrast, “mode of action” usually
refers to a more limited description of the overall process of toxicity that focuses
on defining possible cascades of biological events that can occur following expo-
sure to a toxic agent. To preserve the full range of causes and effects relevant to
risk assessment of human developmental toxicity, the committee sought to desig-
nate “levels of information” obtainable from various model systems (including in
vitro assays and mammalian and nonmammalian assays) to illuminate mecha-
nisms of action (see Chapter 8). Hypotheses about toxicant action in humans,
based on the information from animal models, can then be strengthened or dis-
missed by using information obtained from various types of human data. Chapter
8 provides suggestions on how these different types of data can specifically im-
prove our ability to predict potential developmental toxicity in humans.

The committee believes that it is impossible to provide the most scientifi-
cally defensible risk assessments without understanding mechanisms of action.
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The committee generally agreed that a complete description of the mechanism of
action of a developmental toxicant should include the following types of mecha-
nistic information:

» The toxicant’s kinetics and means of absorption, distribution, metabo-
lism, and excretion throughout the mother and conceptus.

» The toxicant’s interactions (or those of a metabolite(s) derived from it)
with specific molecular components of cellular or developmental processes in the
conceptus or with maternal or extraembryonic components of processes support-
ing development.

» The consequences of those interactions for the function of components in
a cellular or developmental process.

» The consequences of an altered process for the developmental outcome,
namely, the generation of a defect, functional changes, or altered growth and
development.

The committee acknowledges that a complete explanation of mechanism of ac-
tion is not currently available for any chemical and that having even partial mecha-
nistic information of the kind described above can improve the ability to predict
adverse human developmental outcomes.

Toxicokinetics describes the steps of toxicant entry and absorption, distribu-
tion, metabolism, and excretion throughout an organism or, in this case, through-
out mother and conceptus. Toxicodynamics, in the context of this report, de-
scribes the steps of the toxicant’s effects and interaction with the developmental
processes. Both are important. Toxicokinetics explains whether, when, and how
much of a potential toxicant reaches the embryo or fetus. The understanding of
the toxicokinetic steps of detoxification or metabolic potentiation of a chemical
holds great promise for safe drug design and preclusion of toxicant effects in
humans from environmental agents. Furthermore, human individual differences
in susceptibility to toxicants might in large measure result from differences in
toxicant uptake and metabolism, and some of the problems of extrapolating tox-
icity test results from animals to humans can certainly be attributed to differences
of laboratory animals and humans in the metabolism of chemicals.

In toxicokinetics, researchers have identified routes and rates of exposure of
the conceptus to certain toxicants, and the recent information on drug-metaboliz-
ing enzymes (DMEs; the numerous P450 heme oxidases and conjugating en-
zymes) is very significant. Researchers have been able to verify the presence of
parent compounds and metabolites in the mother and the conceptus during devel-
opment. They have successfully explained some species differences in toxicity
responses based on metabolism differences and have explained some human
variations in drug responsiveness. Nevertheless, such knowledge about critical
metabolites and their reactivity with specific target tissues is lacking for most
agents, and much remains to be done in this promising area.
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In toxicodynamics, the mechanistic picture of toxicity is less complete. This
limitation has been inherent to the field, because so little has been known until
recently about the identity and activity of specific molecular components of the
developmental processes or about the roles of the processes in the development
of the embryo. Hence, little could be said about the developmental consequences
of a toxicant’s reduction or exaggeration of a component’s activity. In the ab-
sence of such information, hypothesized mechanisms of toxicant action (and evi-
dence for these mechanisms) have had limited ability to ascribe developmental
defects to failures of specific components and processes. Furthermore, species
differences in developmental components have been poorly discerned, as has hu-
man variation in these components.

In a few cases, toxicodynamic hypotheses of mechanism emphasize molecu-
lar components and activities. Multiple retinoic acid (RA) receptors have been
identified for retinoids in animal models. The molecular function of these recep-
tors in regulating gene expression has been ascribed, and the altered time and
place of gene expression has been detected in the presence of the toxicant. The
availability of multiple structurally related analogs of RA has helped these inves-
tigations. Diethylstilbestrol is also known to bind to other nuclear hormone re-
ceptors and alter gene expression, and cyclopamine (a plant alkaloid) is known to
bind to signaling components of the Hedgehog signaling pathway and alter in-
ductive responses. Such information, coming from recent molecular studies, has
greatly furthered the understanding of the toxicity of those agents. Still lacking,
however, is full understanding of the developmental processes affected by this
altered gene expression or altered signaling and, hence, the generation of the
developmental defect.

Of relevance to the committee’s later proposals, these three examples of ad-
vanced toxicodynamic hypotheses concern signaling proteins and transcriptional
regulators, the kinds of molecular components the committee recommends for
greater attention in future analysis and testing of toxicants. In the near future,
developmental toxicology will likely provide more comprehensive explanations
of toxicity, but at present, mechanistic information is available for only a small
number of toxicants and these have had limited application for risk assessment.

Charge 2: Evaluate the state of the science on testing for mechanisms of develop-
mental effects.

The state of the science has improved greatly in the past decade, indeed even
since this committee was first formed. Relevant advances have occurred in de-
velopmental biology and genomics (gene sequencing and gene identification),
built upon advances in genetics, cell biology, molecular biology, and biochemis-
try. Developmental processes have been illuminated for the first time in a num-
ber of animals at the level of identification of molecular components and their
activities, especially of the signaling pathways and genetic regulatory circuits of
these processes. The same molecular components are used repeatedly at different
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times and places in an animal’s development, and these same components are
used across widely different animal phyla. Species differences of development
seem to be largely differences in the combinations and sequences of use of con-
served molecular components and differences in the final target genes of the con-
served genetic regulatory circuits. The committee believes that the newly ac-
cessed level of molecular components and processes of development is the level
that will provide incisive understanding of mechanisms of toxicity and improved
predictability of toxicant effects. Developmental processes are increasingly un-
derstood in terms of the activities and ordered interactions of molecular compo-
nents. Because of the recent advances in developmental biology and genomics,
the committee is optimistic about the ability to improve testing procedures and
the interpretation of data in the future.

Recent and ongoing studies of mammalian development have benefitted
greatly from the study of nonmammalian model organisms that are genetically
tractable and suited for rapid systematic analysis, such as Drosophila and
Caenorhabditis elegans. Although not anticipated at the outset, the information
from these model organisms proved to be extensively transferable to mammals,
because molecular components and many developmental processes are deeply
conserved across animal phyla. In particular, development in diverse animals,
including mammals, depends on cell-cell signaling at all stages before cytodiffer-
entiation, and this signaling involves repeated use of the same 10 intercellular
signaling pathways. (Seven additional conserved pathways are used in the func-
tions of cytodifferentiated cells.) Genetic regulatory circuits, involving certain
transcription factors, are also conserved from Drosophila to mammals, as are
components of most basic cellular processes, such as the cell cycle, secretion, and
motility. The success in using nonmammalian organisms to illuminate mamma-
lian development suggests that the same organisms could be useful in illuminat-
ing toxicodynamic mechanisms in mammals and useful in testing certain kinds of
toxicants. Based on the past decade of progress in cellular and developmental
biology research, it seems likely that this information will be relevant to mam-
mals, including humans.

Charge 3: Evaluate how that information can be used to improve qualitative and
quantitative risk assessment for developmental effects.

Throughout its deliberations, the committee kept in mind that the decisions
of risk assessors about a chemical’s potential for developmental toxicity are ide-
ally derived from mechanism-based, quantitative data on test animals for which
the validity of extrapolation to humans is known. Unfortunately, such data are
rarely available. As currently designed, rodent tests for developmental toxicity
are limited in their capacity to provide both qualitative and quantitative mecha-
nistic information for human health risk assessment. They are costly in time and
resources, and therefore only a small fraction of the more than 80,000 chemicals
in commercial use (and the much larger number, about 6 million, of natural prod-
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ucts) have been tested. Chemicals are usually assessed for effects on growth,
morphology, and viability of the newborn rodent but not for functional (e.g.,
behavioral), molecular (e.g., toxicant metabolism or transcriptional changes), or
cellular (e.g., mitosis defects and apoptosis) effects. Because the validity of ex-
trapolation from animal results to humans is often assumed, as is the relevance of
some of the animal exposure conditions, risk assessment often includes large
default corrections in the extrapolation to “safe” human exposure concentrations.

To improve qualitative risk assessment, a better understanding of the mecha-
nisms of toxicity of a reference set of compounds would provide predictions for
related, but less well-tested, compounds. Toxicity information on a wider range
of compounds would also help qualitatively. Results from current developmental
toxicity assessments reveal both qualitative and quantitative differences in ani-
mal responses to toxicants. A complete understanding of these species differ-
ences is not known, particularly, the proportion of these differences that is due to
toxicokinetic versus toxicodynamic differences. Thus, to improve quantitative
risk assessment, a better understanding of the differences and similarities be-
tween test animals and humans with regard to toxicokinetics and toxicodynamics
would allow better extrapolations to be made. Use of default corrections could be
limited or be made on the basis of knowledge rather than assumptions. An under-
standing of genetic differences (polymorphisms) among test animals, and a delib-
erate effort to control the differences, would reduce and rationalize the wide range
of responses of test animals to a toxicant. An understanding of human polymor-
phisms of molecular components of toxicokinetic and toxicodynamic importance
would allow better estimation of safe exposures of individuals over the whole
range of human susceptibility to a toxicant. Finally, an understanding of toxicity
mechanisms, including toxicant effects on cell division and cell function, as re-
flected in molecular-stress and cell-cycle checkpoint pathways, and an under-
standing of the polymorphisms of toxicokinetic and toxicodynamic components,
would allow better estimation of low-dose exposure effects, as extrapolated from
high-dose results. The committee believes that the possibilities for improvements
in data for risk assessment are great.

To date, little of the new information has been brought to bear on the tests
and interpretations needed for qualitative and quantitative risk assessment, sim-
ply because the problems are difficult and it takes time and resources to do so.
The committee believes the new information can be incorporated extensively in
the next decade.

Because molecular components and processes of development are best un-
derstood in genetically modifiable model organisms, such as Drosophila, C.
elegans, the zebrafish, and the mouse, and because the conservation of compo-
nents is so pervasive that it extends to humans, the committee recommends that
these organisms be used more effectively for analyzing mechanisms of develop-
mental toxicity at the molecular level and for assaying the developmental toxicity
of the numerous never-tested chemicals and chemical combinations. These or-
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ganisms can be used inexpensively and rapidly. Through straightforward genetic
manipulation, they can be sensitized to toxicant effects and provided with re-
porter genes so that the impacts of chemicals on development can be easily scored.
The organisms can be analyzed to define their toxicokinetic and toxicodynamic
differences from humans, hence improving extrapolation, and they can be geneti-
cally modified to reduce some of the differences. Finally, the suspected geno-
type-environment source of many human developmental defects can initially be
explored in model organisms for which the genotype can be controlled.

At the same time, human individual differences in drug-metabolism compo-
nents and developmental components are being identified and quantified. As
polymorphisms are related to individual susceptibility to toxicants, the difficult
domain of human genotype-environment interactions will be entered. The knowl-
edge of human variation will improve quantitative risk assessment.

Charge 4: Develop recommendations for future research in developmental biol-
ogy and developmental toxicology; focus on those areas most likely to assist in
risk assessment for developmental effects.

The committee concludes that recent advances in the fields of developmental
biology and genomics provide unprecedented opportunities to understand the
molecular mechanisms of action of toxicants, the differences in the developmen-
tal responses of test animals and humans to toxicants, the extrapolation of high-
dose effects to low-dose effects, and the differences in the individual human sus-
ceptibility effects of toxicants on development. These advances can lead to
improved animal tests for toxicants, improved extrapolation of animal results to
humans, and through the means of better data, improved risk assessment.

A multilevel, multidisciplinary approach to toxicity assessment involves the
use of genetically tractable model organisms for which development is well un-
derstood and the genome is completely sequenced (or soon will be), namely, C.
elegans, Drosophila, zebrafish, and mouse. Because some of these animals are
inexpensive to use, testing could be expanded to cover a larger number of chemi-
cals, chemical combinations, and testing conditions, including various genotypic
backgrounds of the test organism and scoring of toxic effects at developmental
stages before organogenesis. The validity of extrapolation of test results can be
tested as well. Risk assessors would benefit, the committee believes, from the
use of a variety of toxicity data, combined with human exposure and susceptibil-
ity information. The recommendations in the next section are summarized in a
text box.

RECOMMENDATIONS

Recommendation 1. To improve the understanding of the mechanisms of action
of toxicants, the committee recommends that critical molecular targets of toxi-
cants be identified among the components of developmental processes.
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How can progress be made in the analysis of mechanisms of toxicity? What
variety of mechanisms is there? Are there certain molecular components and
processes of development that seem to be frequent targets of toxicants? The
recent advances in developmental biology, cell biology, and genomics provide
information about components, functions, and processes for the first time and for
a wide range of animals, including mammals. Fortunately, many of the compo-
nents and processes are conserved across phyla, making it possible to study them
initially in experimentally convenient organisms, such as C. elegans and Droso-
phila, or even yeast and bacteria in some cases, and then carry the information
across species to the studies of mammalian development, with great success.
Many aspects of mammalian development resemble arthropod and nematode de-
velopment.

The committee’s recommendation for future studies on mechanisms of de-
velopmental toxicity is that greater use be made of model organisms, taking ad-
vantage of the shared features of development with mammals. Fruit flies, nema-
todes, and mice have different organs and body organization, and yet they use
many of the same molecular components and basic molecular interactions, al-
though in different combinations and sequences. The analysis of toxicity mecha-
nisms would have to bear the similarities and dissimilarities in mind.

Mechanisms of toxicity can now be understood more fully at the level of
affected molecular components and the consequences of the altered activity of
this component for developmental processes. Previously, toxicity analysis often
ended with defining the time window of sensitivity of the conceptus to the toxi-
cant and the profile of affected organs. This information is still important to
have. Because toxicants affect the activity of molecular components, the recom-
mended emphasis would be to identify components with which toxicants interact,
determine the toxicant’s effect on the component’s function (the functions of
many components are now understood), and fit the altered function into the ef-
fects on a developmental process, the abnormal operation of which leads to a
structural or functional defect. The committee recommends that model organ-
isms be used extensively to access this level of analysis so that researchers can
benefit from genetic tractability, experimental convenience, and a background of
information about molecular components and developmental processes.

1.1. In searching for mechanisms of developmental toxicity, the committee rec-
ommends research on how toxicants perturb evolutionarily conserved molecular
targets and pathways of development.

To learn about mechanisms of developmental toxicity, special attention
should be given to research in the areas of (1) signaling pathways and their asso-
ciated genetic regulatory circuits (a group of key developmental targets); (2)
molecular-stress and checkpoint pathways (a group of key cellular targets); and
(3) the DMEs (a group of key toxicokinetic components).
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Recommendations

Recommendation 1. To improve the understanding of the mechanisms
of action of toxicants, the committee recommends that critical molecular
targets of toxicants be identified among the components of developmen-
tal processes.
* In searching for mechanisms of toxicity, it will be important to explore
how toxicants perturb evolutionarily conserved molecular targets and
pathways of development.

— Conserved signaling pathways and genetic regulatory circuits as
potential targets of toxicants.

— Molecular-stress and checkpoint pathways as potential targets of
toxicants, and

— Toxicokinetic components, especially drug-metabolizing enzymes.
* In pursuing mechanisms of toxicity, it is important to explore how
molecular perturbations lead to dysmorphogenesis and other adverse
outcomes of development in different species.
* Define the genetic and epigenetic basis of variability in human
response to developmental toxicants.

— Individual toxicokinetic differences, especially in the metabolism
and transport of chemicals.

— Toxicodynamics: individual differences in developmental com-
ponents.

— Individual differences in molecular-stress and checkpoint pathways,
which normally operate to counteract failure of cell function.
* In seeking to understand molecular mechanisms of toxicity, it is
important to clarify how these approaches and this information can be
applied to a comprehensive assessment of human developmental risk.

— The metabolism of developmental toxicants.

— Toxicodynamics: toxicant effects on developmental components-
information about mechanism and susceptibility.

— Molecular-stress and checkpoint pathways.

1.1.1. Conserved signaling pathways and genetic regulatory circuits as potential
targets of toxicants.

Approximately 10 kinds of signaling pathways are repeatedly used at all
times and places of development before cytodifferentiation (i.e., during cleavage,
gastrulation, neurulation, and organogenesis). Development is built on coupled
signaling and genetic regulation. As differentiated cell function begins during
cytodifferentiation, seven other pathways are added. Thus, in the mammalian
fetus, all 17 pathways are in use. Almost all activities of cells of multicellular
organisms, including all embryonic stages, are contingent on extracellular sig-
nals. These activities include secretion, motility, adhesion, proliferation, differ-
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Recommendation 2. The committee recommends that it is important to
study how the new information about development and developmental
toxicity can address the uncertainties in quantitative and qualitative risk

assessment.

* Qualitative: Testing a larger variety of chemicals and chemical mix-
tures.

* Qualitative: Assessing toxicant effects across all stages of develop-
ment.

* Quantitative: Toxicokinetic differences of test animals and humans
should be characterized in order to improve extrapolations.
* Quantitative: Toxicodynamic differences of test animals and humans
should be characterized to improve extrapolations.
* Quantitative: Low-dose effects of toxicants and chemical mixtures
should be better detected and characterized.

— Low-dose cellular responses as reflected in molecular-stress and
checkpoint pathways.

— Genetically sensitized animals should be tested for low-dose toxi-
cant effects.
* Quantitative: Modeling the extrapolation from test animals to humans

Recommendation 3. To improve the interdisciplinary advances in devel-
opmental toxicology, the committee recommends that the databases of
developmental toxicology, developmental biology, and genomics be
better linked on the Internet, and that multidisciplinary outreach programs
be established for the effective exchange of information and techniques
related to the analysis of developmental defects and to the assessment
of toxicity for risk assessment.

e Development of cross-disciplinary, linked databases of relevance for
developmental toxicity.

* Enhancement of multidisciplinary research interactions.

entiation, and transcription. The components of signaling pathways and genetic
regulatory circuits are key components to investigate.

Further arguments for emphasizing these components as potential targets are
the following:

* When signaling is interrupted in mutant animals, development is affected,
with specific effects depending on the component that is inactivated.

» A few toxicants currently are known to affect signaling in mammals, such
as cyclopamine (the Hedgehog signaling pathway; Chapter 4), retinoic acid and
its many derivatives (the nuclear hormone signaling pathway and transcriptional
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regulator; Chapter 4), smoking and transforming growth factor (TGF) variants in
humans (the receptor tyrosine kinase pathway; Chapter 5), and smoking and
MSX/BMP variants in humans (the TGF pathway; Chapter 5).

The committee acknowledges that signaling and gene regulation have not
been proved to be particularly vulnerable points of development. An argument
can be made that, because these pathways are so essential for all aspects of devel-
opment, evolutionary selection has made them particularly resistant to perturba-
tion, including that by toxicants. However, data from experimentally constructed
mutant animals contradict this argument. In invertebrates, such as Drosophila
and C. elegans, null mutants are often lethal, and hypomorphic mutants (i.e., ones
having partial activity) show specific developmental defects, probably reflecting
the times and places where the inadequate component is required at highest activ-
ity. In vertebrates, including mammals, the picture is somewhat different. The
genes encoding most components have undergone duplication and slight diversi-
fication, so there are functionally equivalent members for each kind of compo-
nent. This is termed “redundancy”. The members are expressed at different
times and places in development. In vertebrates, null mutants frequently show,
not lethality, but specific local losses, reflecting the few times and places where a
lost component’s function is not overlapped by a related component. Some of
these null phenotypes in mice closely resemble human developmental defects
(e.g., see Tables 6-4 and 6-5). Thus, the committee’s hypothesis, namely, that
signaling pathways and the associated genetic regulatory circuits are critical mo-
lecular points of susceptibility of development to toxicants, has not been proved.

A final point should be made about the appropriate use of model organisms
for studies of molecular mechanisms of toxicity. As mentioned above, although
these organisms have different organs from mammals, the developmental pro-
cesses involved in their organogenesis are similar to those of mammals. Organo-
genesis in various species represents different combinations and orderings of con-
served processes, such as signaling pathways and the responses they engender
(e.g., proliferation, locomotion, and secretion). Thus, for example, in the course
of a study of toxicity mechanisms, Drosophila might be scored for the effects of
a chemical on its wing development, but what is really being scored is the effect
of the chemical on the kinds of signaling pathways and genetic regulatory circuits
also used in human development of different organs. Wing development serves
as a well understood set of conserved molecular components and interactions.
Effects on the wing can be readily recognized, and because of the advanced un-
derstanding of its development, the targeted developmental processes can be sur-
mised. From the fly results, predictions can be made of the effects of those chemi-
cals on mammalian organogenesis, for organs in which these same components
operate. Zebrafish, as a vertebrate test animal, are expected to share many devel-
opmental processes with mammals (e.g., more details of specific organogenesis)
and can be used as an intermediate model. All these model systems share with
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mammalian embryos the need to coordinate and integrate the many temporally
and spatially distinct cell regulatory networks operating during development. A
fully developed, functional fly wing, fish fin, or human arm are all products of
comparable hierarchically organized processes.

1.1.2. Molecular-stress and checkpoint pathways as potential targets of
toxicants.

There is evidence that some toxicants primarily damage basic cell functions,
such as those of cellular reproduction, and that the damaged cells subsequently
fail to participate in development. Such toxicants can act indirectly on develop-
ment, although the failing of basic cell functions can soon enough impede devel-
opment. Molecular-stress and checkpoint pathways are the cell’s defenses for
counteracting such damage. At least 10 of these pathways are known. They
respond to different kinds of damage and decisions to make different counterac-
tions. Apoptosis is the ultimate pathway, by which the cell is self-destroyed.
This is thought to happen when the other counteractions are not sufficient to
restore the cell to a minimal state of basic function.

Especially with regard to environmental toxicants, these pathways might de-
serve special attention, because some toxicants react widely with cellular compo-
nents. As mentioned in Chapter 6, many environmental toxicants set off an en-
larged domain of apoptosis in the embryo. The particular spectrum of activated
pathways would give an indication of the impacted cellular processes and compo-
nents. Also, low- and high-dose effects could be discriminated. At low doses,
cells might recover or a fraction might die and be replaced by the proliferation of
others, in which case, development might continue normally. At high doses,
recovery might be exceeded by impaired proliferation or apoptosis and defects
occur.

The investigation of toxicant targets in these pathways can exploit C. elegans,
Drosophila, zebrafish, and mouse. The molecular-stress and checkpoint path-
ways have been well analyzed in these organisms (in fact, discovered in them in
some cases). The pathways are nearly identical in all those organisms, although
mammals have a greater variety of closely related components. In general, there
has been less study of these pathways in embryos than in adults, so there might be
some unexpected differences.

1.1.3. Toxicokinetic components, especially drug-metabolizing enzymes.

As noted above, there are many steps in absorption, distribution, metabo-
lism, and excretion that determine whether the conceptus will be exposed to a
toxicant. The molecular components of absorption, distribution, and excretion
are not well known, but those of metabolism, the DMEs, have been extensively
elucidated in recent years. There might be a few hundred kinds of DMEs, with
different substrate specificities and time and place of expression in the mother
and conceptus. Studies are well under way to analyze the roles of DMEs to
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metabolic potentiation or detoxification of chemicals, as part of the research pro-
gram of ecogenetics, pharmacogenetics, and the Environmental Genome Project.
Much study of the roles of DMEs is done in the mouse, for example, with null
mutants of individual enzymes. The committee fully favors this direction of study
and the support for it. As described later, it will also be valuable for animal
assays of toxicants to know the DME similarities and differences from humans,
as a part of the validation of the extrapolation of data from animals to humans.
Some studies with other model organisms are probably of use. Some DME:s are
widely conserved among animals (e.g., CYP1A1 in fish) and would be easier to
study in other model organisms.

1.2. In pursuing mechanisms of toxicity, the committee recommends research to
explore how molecular perturbations lead to dysmorphogenesis and other ad-
verse outcomes of development in different species.

A decade ago it would have seemed impossible to analyze how a toxicant’s
initial interaction with a molecule is connected with the ultimate developmental
defect. The complexity of development seemed daunting, and there was little
knowledge of the activities and interactions of components and their roles in
developmental processes. In the past decade, however, the situation for analysis
has improved greatly. The activities of numerous components are known, and
there are insights into the organization and coupling of processes. The under-
standing of the early developmental steps of axis formation, gastrulation, and
neurulation is increasing, and various examples of organogenesis are available
for study. The new information on development provides the framework for
analysis of toxicant effects on developmental processes and the connection of
dysfunctional processes to structural and functional defects in the newborn. The
analysis of development in model organisms has been crucial to the progress in
mammals, specifically the mouse. Some efforts in connecting molecular effects
to dysmorphologies have been successful. For example, the analysis of
cyclopamine (a plant alkaloid) in causing cyclopia (a diminished head and single
median eye) in cattle was possible once it was realized that mouse mutants of
some components of the Hedgehog signaling pathway are also cyclopic; once the
basic developmental studies showed the importance of sonic Hedgehog signal for
inhibiting eye development in the ventral midline of the prospective diencepha-
lon, leaving bilateral eye development, the mechanism of the cyclopamine-in-
duced birth-defect became better understood.

Scrutiny of the developmental defects of mutants of developmental compo-
nents in genetically favorable model organisms, and the scrutiny of toxicant-
caused developmental defects, might provide informative parallels. In some
mutants, a component is inactive due to a mutated gene; in others, a mutated
component can be overactive or underactive, but not absent. If a toxicant inter-
acts with one component and modifies its activity, single-gene mutant studies
serve as a guide for the interpretation of how molecular perturbations result in

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9871.html

and Risk Assessment

CONCLUSIONS AND RECOMMENDATIONS 233

dysmorphogenesis and other adverse outcomes. The phenotypes for the large
variety of mouse null mutants, prepared by targeted gene disruption, are a re-
source for such analysis. Many of these show well-defined developmental de-
fects at birth, or prenatal death at various stages.

If a toxicant affects several developmental components, the mutant compari-
sons are not as good as those of one component, although some multiple muta-
tions have been prepared. If a toxicant affects cellular activities, setting off mo-
lecular-stress and checkpoint pathways, and causes cell death, comparison
mutants could be generated and analyzed to understand the consequences for
development.

The committee recommends basic research on toxicant-affected developmen-
tal processes in well-understood model organisms. Drosophila mutants can be
prepared with a chosen sensitized signaling pathway in a chosen kind of organo-
genesis, such as the wing or compound eye. In such animals, the effects of toxi-
cants can be most favorably associated with specific processes of organogenesis.

1.3. The committee recommends research to define the genetic and epigenetic
basis of variability in human response to developmental toxicants.

Variability is a large problem, covering a variety of issues. It is apparent
even in the heterogeneous developmental response of individuals in a group of
inbred test animals (rodents) exposed to a toxicant under controlled conditions.
Two approaches to address this large problem might be useful: (1) a human epi-
demiological approach making use of genome information, and (2) a model ani-
mal research approach making use of new molecular biological techniques and
insights to learn about the sources of variability. The following aspects of indi-
vidual variability in response to developmental toxicants deserve study:

1.3.1. Individual toxicokinetic differences, especially in the metabolism and trans-
port of chemicals.

Human individuals are known to differ substantially in their levels of DMEs
of both the P450 oxidative group and the group of conjugating enzymes. For
example, differences are found in ethnic groups from different parts of the world
and in individuals with varied lifestyles (smoking and alcohol intake) and nutri-
tion. These differences are being explored rapidly, and data indicate that, in cases
of genetic variability, the genes encoding these enzymes might be unusually poly-
morphic compared with other kinds of genes. In current research, which this
committee favors, the differences are being defined in terms of base sequence,
protein function (e.g., loss of function, reduction of function, increase of func-
tion, and change of function), and the basis for the change (e.g., altered time and
place of expression and altered catalytic activity). Differences in metabolism of
chemicals by individuals with different gene combinations are also being ana-
lyzed, because some allele combinations are strongly synergistic. Current ge-
netic, epidemiological, and genome data can greatly assist in identifying human
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polymorphisms, and the Environmental Genome Project has such identification
as a goal, as do the National Cancer Institute and various pharmaceutical compa-
nies. Genotype-environment interactions are suspected to underlie a variety of
developmental defects, and identification of human polymorphism will shed light
on those interactions.

As these polymorphic genes are identified, experiments are being done to
eliminate them by targeted inactivation in the mouse and to assess the animal’s
sensitivity or resistance to various chemicals. Studies are also being done to
observe the protective or sensitizing effects of overexpression and ectopic ex-
pression of enzymes encoded by these genes. The committee supports this work
enthusiastically.

The information about individual differences in the metabolism of exogenous
chemicals is being extended to research on model organisms (the mouse, Droso-
phila, and C. elegans), because the validity of animal test results for predicting
human toxicity depends not only upon an understanding of the toxicodynamics of
the animals’ developmental process but also on an understanding of the drug-
metabolizing capacity of the animal and how it is similar or dissimilar to that of
humans.

1.3.2. Individual toxicodynamic differences in developmental components.

Another large domain of possible human variability concerns genetic differ-
ences in components of developmental processes. Toxicants might interact with
these components. Although signaling pathways and genetic regulatory circuits
are particularly attractive for study, there is little information on their genetic
differences at this time compared with that on DMEs. However, many mouse
mutants in genes encoding such components show developmental defects similar
to those in humans, and a few human polymorphisms of components are known
to correlate with disease (e.g., Patched mutations and a predisposition to basal-
cell carcinoma) and predisposition to developmental defects from certain toxi-
cants (e.g., TGF and tobacco smoke). Some signaling component polymorphisms
behave as complex traits with sensitivity to genetic background (e.g., APC mu-
tants in mice represent a Wnt pathway intermediate). Gene locations for many
signaling components will soon be known through genetic studies of mouse and
zebrafish development, cancer databases, and genome studies. This information
will be deposited in widely accessible databases on the Internet.

The current experimental situation is favorable for determining the relation-
ship between mutations in these components and susceptibility to toxicants. Mice
offer an opportunity for a survey of the importance of genetic background for
toxicant sensitivity and for toxicant specificity of effects. Genetic variants, usu-
ally produced by targeted gene knockout (but also by gene replacement to make
hypomorphs and gain-of-function types and ectopic expression types), can be
made with relative ease in mice, which can be used in developmental toxicity
studies. When a null allele of any of a variety of kinds of signaling components is
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present in the heterozygous condition, the animal is usually viable and apparently
normal, although sometimes with minor developmental defects. These animals
could be tested for toxicant sensitivity, to see if the genetic background biases
certain outcomes. In general, the connection made between mutational alter-
ations in developmental components and chemical induced developmental de-
fects should be strong.

A further determination to be made is how much of the apparent specificity
of the outcome of a toxicant-induced developmental defect is due to the specific-
ity of the toxicant and how much is due to the particular genetic background of
the exposed animal. This determination should be applied especially to broad-
acting toxicants (e.g., ones causing widespread cell death). In model animals,
such as Drosophila, C. elegans, or the mouse, various genetic constructs that are
sensitized in various ways (e.g., a slightly reduced Hedgehog pathway or a slightly
reduced TGF pathway) could be exposed to the same toxicants to see how the
outcomes differ. Already there are human toxicant-induced differences in pro-
files of birth outcomes in Tp53 (-/-) knockout mice that vary with genetic back-
ground. The full implication of these observations has not yet been exploited for
assessing developmental toxicants.

Ultimately, it is not known how similar a group of animals can ever be in
individual responses to toxicants. In the standard rodent tests for toxicants the
response of a group of animals exposed to a single intermediate dose is heteroge-
neous. The developmental outcome is affected in some animals and not affected
at all in others. How much of the heterogeneity is genetic and how much is
“epigenetic” (i.e., associated with variable histories of nutrition, disease, stress,
or other chemical exposures) is an important issue. Conventional inbred strains,
which are more than 98% genetically identical after 20 generations of inbreeding,
are a valuable and easily available resource for studying epigenetic contributions.

1.3.3. Individual differences in molecular-stress and checkpoint pathways, which
normally operate to counteract failure of cell function.

These components are part of the organism’s line of defense and might be
activated by broad-specificity toxicants. The extent to which individual humans
differ in their molecular-stress and checkpoint pathway components and, hence,
in their responses to environmental chemicals, is unknown. These pathways are
known to have important roles in other organisms and to be conserved across
phyla. Individual differences in these pathways among humans should be ex-
plored. Model animals should be prepared with mutated components of these
pathways in order to determine whether their sensitivity to toxicants is increased
or decreased. Mouse and Drosophila mutants are already available.

14. In seeking to understand molecular mechanisms of toxicity, it is important to

clarify how the approaches and information can be applied to a comprehensive
assessment of human developmental risk.
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The committee has stated that the developments in developmental biology
and genomics present an unprecedented opportunity to understand the mecha-
nisms of action of toxicants at a molecular level and that, at some time in the
future, perhaps a decade, risk assessors will have primarily “mechanism-based
data” from test animals to use in arriving at human toxicity estimates. However,
standard toxicant bioassays on mammals do not yet yield comprehensive data on
mechanisms and consequences valid for extrapolation to humans.

What can be done in the interim to build on recent advances? In Chapter 8,
the committee outlined a multilevel approach to risk assessment that incorporated
various assays intended to provide information ranging from molecular inter-
actions to developmental consequences. Advantages and disadvantages of the
assays of each level were outlined as well. This approach is briefly described
here. There are two domains of information. One contains results from model
systems and model-animal tests of toxicant effects on development and of genetic
alterations affecting toxicant susceptibility. The results need to be extrapolated
to humans. The second domain contains results from human studies of toxicant
exposure, toxicant susceptibility (including polymorphisms), and toxicant effect.

There are four levels of model systems for providing information for assess-
ing the effects of toxicants (or the absence of effects): (level 1) in vitro tests and
cell tests; (level 2) nonmammalian animal tests of development and the role of
genotype; (level 3) mammalian tests of development and the role of genotype;
and (level 4) mammalian tests of mechanism and susceptibility. In general, ex-
pense increases with each level, and the number of chemicals that can be tested
decreases. The questions of extrapolation to humans are greatest at the low lev-
els. As described in Chapter 8, the committee did not develop a tiered approach,
but rather showed how information from each level could be used to improve
developmental toxicity risk assessments.

Various examples of this information follow.

14.1. The metabolism of developmental toxicants.

Knowledge of DMEs is sufficient to devise level 1 tests of the conversions of
a large variety of chemicals by a large variety of enzymes. For example, human
metabolism genes have been introduced into test cells, such as yeast or human
lymphoblast lines, to generate assay systems. Once the specificity range of hu-
man enzymes is well characterized, it should be possible to make predictions
about the capacity of a battery of enzymes to modify yet-untested chemicals. Itis
also clear that various animals (Drosophila, C. elegans, and mice) can be con-
structed with deficiencies or excesses of various metabolizing enzymes to deter-
mine whether the developmental toxicity of a chemical is increased or decreased.
Much of this work is under way. There is substantial research inquiry about
DMEs, their roles, and their synergisms, especially among oxidases and conju-
gating enzymes. Although the study of the DME:s is relatively advanced, re-
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search is still needed on other aspects of absorption, distribution (including the
multidrug transporter proteins), and excretion.

In general, this research is an exemplary area for the exchange of informa-
tion across levels with the ever closer approximation of the fast, inexpensive level
1 tests to human metabolizing conditions.

14.2. Toxicodynamics: toxicant effects on developmental components—infor-
mation about mechanism and susceptibility.

Other assays of toxicants should be used to focus on their effects on develop-
mental processes, particularly on the intercellular signaling pathways and genetic
regulatory circuits, which operate repeatedly and pervasively in the development
of animals of all phyla. Some assays can be done at level 1, since many signaling
components have been identified and their genes isolated. Relevant proteins can
be produced for in vitro tests or single-cell tests. For example, to test for agents
interfering with Hedgehog signaling, the signal transduction intermediates could
be introduced into cultured cells. To some extent, cell functions—such as secre-
tion, entry into mitosis, motility, or specific gene expression—that depend on
signaling could be scored for interruption by chemicals. The availability of com-
ponents for nonanimal assay systems is already considerable. Many signaling
components have been mapped on the mouse genome, and their corresponding
location in the human genome is predictable and will soon be sequenced.

The committee recognized at the outset that the information about chemical
impacts on cell signaling components is of little use for risk assessment if there is
no organ and mammalian relevancy. Therefore, a comprehensive approach was
envisioned to allow this initial information to be placed directly into an overall
assessment framework. For testing the effects of toxicants on the activity of these
components in development, level 2 assays on Drosophila, C. elegans, and
zebrafish development are incisive. Multiple pathways are used in the develop-
ment of complex organs. One pathway at a time can be sensitized in a specific
aspect of development by genetic means. An animal, when exposed to a toxicant
affecting that pathway, will have altered development of that organ, whereas the
rest of the animal will probably be unaffected or less affected. Altered develop-
ment is, then, the scored end point of the toxicant’s effect on the specific path-
way. Although the model organisms have different organs from those of humans,
the signaling pathways and genetic regulatory circuits that operate in the develop-
ment of that organ also operate in the development of mammalian organs of other
kinds. Thus, the effects of chemicals on fundamental processes, such as signaling
and transcription, can be detected. The signaling pathways operating in the vari-
ous kinds of organogenesis in mammals are known; therefore, a prediction can be
made and tested in mammals, using level 3 testing approaches. Because level 2
assays are inexpensive and fast, many compounds can be tested, and patterns of
toxicity effects can be recognized in advance of the rodent tests. In the multilevel
approach, level 3 tests are ones with specially modified mice (containing sensi-
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tized pathways and reporter-gene constructs), and more information is obtained
with them than with standard animals. In this way, the levels are connected to
each other and kept relevant to risk assessment.

1.4.3. Molecular-stress and checkpoint pathways.

Other assays should be directed toward the detection and characterization of
cellular responses to chemicals by way of these defense pathways. Approxi-
mately 10 of these conserved pathways are now known. Their activation might
be relevant to detecting the effects of broadly acting toxicants on maternal and
embryonic cells—that is, toxicants such as antimitotic agents or inhibitors of rep-
lication, transcription, or translation—that interact with many targets in many
cells.

Research remains to be done to connect the damaging effects of toxicants on
cells to the disruption of particular steps of development. The connection could
be established with level 2 organisms genetically sensitized in one or more of
their molecular-stress and checkpoint pathways in a particular organ. The estab-
lished connection might provide leads for level 3 tests with mice.

Recommendation 2. The committee recommends investigating how the new in-
formation about development and developmental toxicity can address the uncer-
tainties in quantitative and qualitative risk assessment.

The committee believes that the new information and approaches of devel-
opmental biology and genomics will be useful in improving the quantitative as
well as qualitative components of risk assessment. As they are currently de-
signed, the rodent tests for developmental toxicity are limited in their capacity to
provide mechanistic information. They are costly in time and resources, and,
therefore, only a small percentage of the more than 80,000 chemicals in commer-
cial use (or the even larger number—about 6 million—of natural products) can be
tested. Rodent-test end points are frequently limited to effects on growth, orga-
nogenesis, and viability of the conceptus and do not include functional, molecu-
lar, or cellular effects, nor do they include early developmental losses. The rel-
evancy of animal toxicity outcomes for humans is often questioned, as is the
significance of high dose animal exposure conditions for human exposures.
Hence, risk assessors must often resort to large default corrections when extrapo-
lating animal results to define safe exposure concentrations for humans. The
validity of the extrapolation of particular test results from animals to humans is
itself usually not assessed.

The committee envisions that research directions included in the informa-
tional framework established in Chapter 8 will address various existing limits on
the data available to risk assessors and have the potential to provide the scientific
basis to reduce the magnitude of or replace defaults using mechanism-based ex-
trapolation approaches.
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2.1. Qualitative risk assessment: testing a larger variety of chemicals and chemi-
cal mixtures.

Expanding the number of tested chemicals is an enterprise in qualitative risk
assessment. The new rapid and inexpensive model assay systems have an impor-
tant potential use in such an enterprise. At level 1, which involves in vitro and
single-cell assays, tens of thousands of assays could be run per year to test chemi-
cals as substrates for DMEs, as agonists and antagonists of signaling components
and genetic regulators of the kind used pervasively in development, and as trig-
gers of molecular-stress and checkpoint pathways. At level 2, which involves
tests of chemical effects on the development of nonmammalian animals, thou-
sands of assays could be run per year. Genetically sensitized model organisms
(Drosophila, C. elegans, and zebrafish) equipped with various reporter genes
would facilitate analysis. Mammalian relevancy and human applications would
be further defined in level 3 tests involving mammals—the mouse being the most
favorable because of its ease of genetic modification, its vast libraries of mutants,
and the advanced knowledge (among mammals) of its development.

2.2. Qualitative risk assessment: assessing toxicant effects across all stages of
development.

As noted in Chapter 2, early fetal loss in human development is frequent (20-
30% of initial pregnancies). Although many of these losses may be due to chro-
mosomal aberrations for which there are good chemical assay methods, other
mechanisms of early loss are less well understood. Recent observations have
demonstrated that, contrary to what was previously believed, toxicant exposures
during early times in development can not only result in fetal loss but also spe-
cific birth defects and adverse functional impacts. In addition, functional impacts
occurring as a result of post-organogenesis toxicant exposure have also not been
clearly delineated. Further tests of toxicant impacts during these early and late
developmental time points are needed and can build on the rapidly expanding
body of knowledge about early events such as axis formation, primitive streak
formation, and node regression as well as an expanded understanding of func-
tional deficits.

2.3. Quantitative risk assessment: the toxicokinetic differences of test animals
and humans should be characterized to improve extrapolations.

The committee recommends that test animals be better characterized with
regard to their differences from humans in DMEs and other toxicokinetic vari-
ables. With better characterizations, it can be known whether the test conceptus
and the hypothetical human conceptus are indeed exposed to the same chemicals
at corresponding concentrations and intervals of development. Many DMEs have
been identified, and others are known to exist. The profile of activity of mice
(level 3 assays) and humans should be determined so that their similarities and
differences are known. Some of this effort is already under way, and the com-
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parison will be accelerated by the availability of mouse and human genome data.
Proteins involved in chemical uptake across the gut, distribution in the fluid space,
multidrug transport of chemicals in and out of cells, and excretion from the body
are less well known and should also be characterized and compared.

Moreover, once the differences are recognized, test animals such as mice can
perhaps be modified genetically to reduce their differences from humans. Thus,
cross-species extrapolations could be improved in this respect. It may not be
feasible to eliminate all toxicokinetic differences between the mouse and human,
however, the differences will be better known with such approaches when ex-
trapolations are invoked.

In level 2 assays involving nonmammalian organisms, such as Drosophila,
C. elegans, and zebrafish, it is also important to know the differences between
humans and rodents in terms of drug metabolism to increase the accuracy of
extrapolations to mammals. Transgenesis and mutagenesis can be done at high
frequency in these animals to make them less different from mammals in their
drug metabolism.

2.4. Quantitative risk assessment: toxicodynamic differences of test animals and
humans should be characterized to improve extrapolations.

The differences in development of various organisms mostly reflect dif-
ferences in the time, place, order, and combinations of use of conserved de-
velopmental components, such as those of the signaling pathways and genetic
regulatory circuits. The committee’s recommendation to make more use of non-
mammalian model animals in developmental toxicology is based on the recogni-
tion of the conservation, although with the caveat that the scoring of toxicant
effects is done in these animals at the molecular level of conserved components,
and not at the diversified tissue and organ levels, which are obviously not con-
served across phyla.

The extent to which developmental components of different animals differ in
their interactions with toxicants is not known. Some components can be ex-
changed between flies and mice without loss of function, but most have not been
tested for interchangeability. Vertebrates also have large genomes containing
two or more duplicated and slightly diversified genes for many components for
which nonvertebrates have a single gene. These diversified components might
differ in their toxicant interactions. The recognition of differences will be aided
by the genome databases and by further genetic substitutions in test animals.
Once toxicokinetic differences are minimized between mice and humans, modi-
fied mice should be tested with a battery of toxicants known to affect humans in
order to make sure that equivalent developmental outcomes are obtained. If
equivalent outcomes are not obtained, the difference is grounds for further analy-
sis of toxicodynamic comparisons.

Current research in developmental biology, which includes mouse develop-
ment as the exemplar of mammalian development, will increasingly use compari-
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sons between mice and primates. The tests of the toxicant susceptibility of devel-
opmental components of mouse mutants will greatly guide research in humans.

2.5. Quantitative risk assessment: low-dose effects of toxicants and chemical
mixtures should be better detected and characterized.

Risk assessors need data on toxicant effects covering a wide range of doses.
A chemical might affect a variety of development processes at high doses but
only one critically sensitive pathway at low doses, making that single pathway
the most relevant for overall risk assessment. Studies of model systems—such as
Drosophila, C. elegans, zebrafish, and the mouse—could provide quantitative
information to improve understanding of such dose distinctions and their basis.

In risk assessment, animal test results obtained at high doses of a toxicant
and with a small population of animals are frequently used to estimate the conse-
quences of low doses in large populations. Furthermore, when a group of animals
is exposed to the lowest dose of toxicant for which there is an effect, the individu-
als of the group usually respond in a heterogeneous way. Thus, there are many
uncertainties about extrapolation to low doses. Basic questions to be explored in
this area include the following: (1) What is the shape of the dose-response curve
for developmental toxicants at low, environmentally relevant doses? (2) Can the
increased attention on key cell-signaling pathways and genetic-regulatory cir-
cuits identify biomarkers useful for defining low-dose responses caused by de-
velopmental toxicants? (3) Do the low-dose responders represent variants with
genetic susceptibility? and (4) Is there an inescapable nongenetic variability to
development?

2.5.1. Low-dose cellular responses revealed through the molecular-stress and
checkpoint pathways.

Some developmental toxicants might act primarily by interfering with basic
cellular reproduction (e.g., DNA synthesis or mitosis). The conceptus might be
more sensitive than the adult because it has a higher frequency of cell division
(and fewer cells are in a nondividing differentiated state). Dose effects might be
nonlinear. High doses of a toxicant might cause so much cell death that local
development is impaired, but low doses might cause so little cell death that cell
proliferation by the unaffected cells can restore the population and development
is not detectably abnormal. At even lower doses, the various molecular-stress
and checkpoint pathways might protect individual cells so that none dies, and
development is completely normal. Nonetheless, the activation of the recovery
pathways might be detected as an indicator of effect in this low-dose range. The
committee recommends that these toxicants be explored over a range of doses, to
detemine whether responses can be found in doses too low to cause developmen-
tal defects and to reveal the capacity of the conceptus for recovery.
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2.5.2. Genetically sensitized animals should be tested for low-dose toxicant
effects.

Does the heterogeneous response of a population of test animals to toxicants
give a detectable effect that reflects genetic heterogeneity? To determine the role
of genetic differences, various mouse strains can be produced with limiting levels
of activity of particular developmental components, and these strains can be tested
for their sensitivity to a standard set of toxicants representing a variety of sus-
pected mechanisms of action. Such tests would be a measure of whether animals
that are genetically close to abnormal development due to their genetic constitu-
tion are more sensitive than normal animals to toxicants, and if so, whether a
general sensitivity or a specific one is related to the particular limiting compo-
nent.

Because genetically sensitized models can approximate more closely poten-
tially susceptible members of the human population, risk assessors can use the
toxicity data more comfortably. Developmental toxicologists might want to ex-
plore the relationship between genetic variation of toxicodynamic components
and toxicant sensitivity in model animals before human variants of developmen-
tal components are identified in the future. (The association of cigarette smok-
ing, TGF variants, and cleft palate is already an example.)

Improved information on human exposures gained from other areas of study
(e.g., improved biomarkers) should provide additional information to predict more
accurately the human exposure range for any given chemical or mixture. Such
information could then be used to set exposure concentrations for model-animal
assessments in levels 2 and 3.

2.6. Quantitative risk assessment: modeling extrapolation from test animals to
humans.

The informational framework in Chapter 8 should provide a guide for obtain-
ing the kinds of test-animal data that are needed for a comprehensive cross-spe-
cies toxicokinetic and toxicodynamic model of exposure and development of test
animals, such as mice, to humans. As outlined in Table 8-1B, information from
improved human biomarkers of exposure, susceptibility (both genetic and
nongenetic), and effect would be used in the model as well. Such models, diffi-
cult as they are to devise and fill with satisfactory data, are needed if a chemical’s
potential for developmental effects are to be extrapolated to humans in a mean-
ingful way. For example, complex computational models and abundant data are
needed to estimate in utero and postnatal exposures in mammals and to link this
information with toxicological impacts.

Interest in such models is demonstrated by the efforts of the National Insti-
tute of Environmental Health Sciences to link exposure information with mecha-
nistic toxicity data. However, only a few such specialized models exist, and none
adequately combines toxicokinetic and toxicodynamic information, especially the
information on molecular and cellular impacts. The lack of an adequate frame-
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work into which mechanistic data can be incorporated has limited the usefulness
of the recent advances in developmental biology for quantitative risk assessment.
Instead, default corrections continue to be used, despite recommendations such
as those published in Science and Judgment (NRC 1994) calling for the incorpo-
ration of new scientific information into the risk assessment process. The com-
mittee believes that the framework laid out in this report has the potential to bring
the information gained from recent advances in developmental biology into de-
velopmental toxicity risk assessment.

Recommendation 3. To improve the interdisciplinary advances in developmental
toxicology, the committee recommends that the databases of developmental toxi-
cology, developmental biology, and genomics be better linked on the Internet and
that multidisciplinary outreach programs be established for the effective exchange
of information and techniques related to the analysis of developmental defects
and to the assessment of toxicity for risk assessment.

The committee concludes that increased multidisciplinary efforts and ex-
changes of information in chemistry and biology are essential to improve risk
assessment for developmental toxicity. As mentioned at the beginning of this
chapter, developmental toxicology is a broad and complex field.

In recognition of the interdisciplinary nature of future work in developmen-
tal toxicology, this interdisciplinary NRC committee was formed. It has been a
struggle for the scientists from different relevant disciplines to communicate the
research and public-health challenges in developmental toxicology within the
committee. Members of this committed group were unfamiliar with each other’s
discipline and with the differing connotations of such terms as “mechanism.”
The committee soon realized the need for future activities fostering communica-
tion and joint research efforts within the scientific community.

3.1. Development of cross-disciplinary, linked databases of relevance for devel-
opmental toxicity.

To support the growth of knowledge in developmental toxicology and orga-
nize information in a way useful for risk assessment, this committee proposes that
cross-disciplinary, linked databases of relevance for developmental toxicology
be established with entries from industry, academia, and government. To capture
and collate information about chemical toxicants that are important as develop-
mental toxicants, internal organization of the data should reflect knowledge about
chemical structure and should include known molecular targets, organotypic ef-
fects, and defined associations with developmental anomalies primarily from ani-
mal tests but also, when available, from humans. The database should link to
genomics databases, for example, with epidemiological information on human
variation, such as the large number of human DME polymorphisms. Another
important link would be the historical control database for developmental and
reproductive toxicity.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9871.html

and Risk Assessment

244 DEVELOPMENTAL TOXICOLOGY AND RISK ASSESSMENT

Ideally, a separate but linked relational database would be established,
grouped by signaling pathways and genetic regulatory circuits, and referred to
when chemicals are identified as interacting with an element of the pathway. The
database could be helpful in identifying potential biological interactions of a
chemical with other chemicals that affect components of the same pathway. A
signal-transduction database was recently activated at www.stke.org. This or a
similar database should keep track of the involvement of signaling pathways and
genetic regulatory circuits in all aspects of development for a wide range of or-
ganisms. This information should also be connected to the large and growing
database of phenotypes of mouse mutants, many of which are being generated by
targeted gene disruption and transgenesis of signaling components or combina-
tions of components. The mouse mutant collection represents the most system-
atic library of mammalian birth defects associated with known genetic defects. In
addition to homozygous null mutants, the library should include phenotypes of
hypomorphs, heterozygous null mutants, and suppressor loci, as they become
available.

3.2. Enhancement of multidisciplinary research interactions.

The challenges that investigators face when trying to work across fields, such
as developmental biology, developmental toxicology, and risk assessment, are a
key issue that the committee identified early in its deliberations. This issue previ-
ously impeded the successful application of the new scientific information to
improve developmental toxicity risk assessment. For the successful application
of this report’s findings, the committee believes that multidisciplinary educa-
tional and research programs must be conducted. Programs, such as workshops
and professional meetings, should be organized so that researchers of develop-
mental toxicology, developmental biology, genomics, medical genetics, epidemi-
ology, and biostatistics can come together to exchange new insights, approaches,
and techniques related to the analysis of developmental defects and to risk assess-
ment. By accelerating the necessary research, cooperative research projects would
move forward the recommendations of this report.
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Glossary

Acceptable daily intake  An estimate of the daily exposure dose that is likely to
(ADI) be without deleterious effect even if continued expo-
sure occurs over a lifetime.

A/D ratio The ratio of the adult toxic dose to the developmen-
tally toxic dose.

Allele A gene’s representation on one chromosome.

Benchmark dose (BMD) An alternative approach to the NOAEL approach that
uses all experimental data to fit one or more dose-re-
sponse curves.

Bioinformatics The study of how to most efficiently manage and uti-
lize vast amounts of genomic sequence data.

Biological markers Indicators signaling events in biological systems or
(biomarkers) samples (NRC 1989). There are three classes of
biomarkers—exposure, effect, and susceptibility. A
marker of exposure is an exogenous substance or its
metabolite(s) or the product of an interaction between
a xenobiotic agent and some target molecule or cell
that is measured in a compartment within an organ-
ism. A marker of effect is a measurable biochemical,
physiological, or other alteration within an organism
that, depending on magnitude, can be recognized as
an established or potential health impairment or dis-
ease. A marker of susceptibility is an indicator of an
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Checkpoint pathway

Chimera

Chromosomes

Cleavage

Complementary DNA
(cDNA)

Cre/loxP

Deoxyribonucleic acid
(DNA)

Developmental defect

Developmental toxicant
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inherent or acquired limitation of an organism’s abil-
ity to respond to the challenge of exposure to a spe-
cific xenobiotic substance.

Type of pathway used in intracellular signaling.
Checkpoint pathways are induced in response to a
cell’s own internal imbalance or errors in its synthetic
activities. Induction of checkpoint pathways leads to
a delay in certain synthetic processes until other pro-
cesses are complete, thereby averting damage.

An animal consisting of genetically different cells de-
rived from two (or more) different zygotes.

Structures that contain an organism’s genes.

The first few divisions of an embryo following fertili-
zation. There is little or no growth during these divi-
sions and the cytoplasm is cleaved into smaller and
smaller units.

DNA copy of mRNA from expressed genes made by
the enzyme reverse transcriptase.

Bacterial recombinase system in which the Cre pro-
tein mediates DNA recombination between specific
DNA sequences known as lox-P sites. This system is
used in mammalian cells to delete (or invert) a stretch
of DNA by flanking it with lox-P sites and then expos-
ing the cell to Cre protein at some predetermined time.

A complex macromolecule that is composed of nucleic
acids (adenine, guanine, cytosine, and thymine) and is
found in cellular organisms. DNA carries all the ge-
netic information necessary to determine the specific
properties of an organism. In its native state, DNA
exists as a double helix.

A structural or functional anomaly that results from an
alteration in normal development.

A physical, chemical, or biological agent that is shown
to affect development under specific conditions of ex-
posure.
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Developmental
toxicology

Developmental biology
Developmental

susceptibility gene

Drug metabolizing
enzyme (DME)

Ecogenetics

Ectopic expression

Electroporation

Embryonic stem (ES)
cells

Environmental factor

Epistasis

Eukaryotic

and Risk Assessment

283

The study of adverse effects on the developing organ-

ism that might result from exposure prior to con-
ception (of either parent), during prenatal develop-
ment, or from postnatal development to the time of
sexual maturation.

The study of the biology of normal development.

Any gene that encodes a gene product with which an
environmental agent can interfere and cause a pertur-
bation of normal development.

Enzymes that metabolize endogenous substrates and
also foreign chemicals. Among individuals, there are
heritable differences in the catalytic activity of DMEs
and in the ability to produce high levels of DME:s.

The study of the inherited basis of individuals’ differ-
ent responses to environmental agents.

Expression of a gene in a tissue in which it is not nor-
mally expressed.

A means of introducing molecules into cells by tran-
siently permeabilizing their membranes with a brief
electric shock.

Permanent in vitro stem-cell lines derived from the
undifferentiated cells of a very early, preimplantation
mammalian embryo. They have the potential to con-
tribute to all cells of a developing embryo when they
are placed into an early embryonic environment.

Physical, chemical, and biological agents or conditions
encountered by humans, such as infections, nutritional
deficiencies and excesses, life-style factors (e.g., alco-
hol), hyperthermia, ultraviolet radiation, X-rays, and
the myriad of manufactured chemicals (e.g., pharma-
ceuticals, synthetic chemicals, solvents, pesticides,
fungicides, herbicides, cosmetics, and food additives)
and natural materials (e.g., plant and animal toxins and
products).

A situation in which the phenotypic expression of one
gene obscures the phenotypic effects of another gene.

Cells in which the genetic material is separated from
the cytoplasm by a nuclear membrane.
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Exon

Expressed sequence tag
(EST)
Forward genetics

Functional genomics

Gene

Gene product

Gene targeting

Genomics

Genotype

Homeobox

Homologous
recombination

Human Genome Project
(HGP)

Inbred strain

Intron

Knockout mutation
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Nucleotide segment that codes for amino acids.

A DNA sequence complementary to a known piece of
transcribed RNA.

An approach to identify a particular gene starting with
some knowledge about a mutant phenotype.

The systematic and comprehensive analysis of gene
products, including mRNAs and proteins.

The fundamental units of heredity carried by DNA.

The mRNA resulting from transcription of a gene and
the protein translated from the mRNA.

The production of a mutation in a specific “target”
gene using molecular biological techniques.

The study of the genetic composition of organisms.

An organism’s genetic makeup (i.e., its DNA
sequence).

A region of the homeotic genes that is highly con-
served among several species, including Drosophila,
frogs, and mammals. The homeobox sequence en-
codes a DNA-binding motif of the encoded protein
that is a transcription factor.

Crossing over between two identical or homologous
strands of DNA.

A federally funded initiative to sequence and identify
all human genes. HGP also involves studying the ge-
nome of a number of organisms other than humans,
including insects, fish, plants, and other mammals.

A strain of mice that has been inbred by brother-sister
matings for more than 20 generations, and conse-
quently all the individuals of the strain are more than
98% genetically identical.

DNA sequence between exons that is transcribed but
not translated

A mutation that leads to the loss of function of a par-
ticular gene. Also called a null mutation.
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Linkage disequilibrium  The condition in which two genes are close enough
together on a chromosome that it is not likely that they
will be separated by recombination during meiosis.

Linkage analysis A means of statistically correlating phenotype with
genotype using lod scores.

Lod score The ratio of the likelihood of two or more loci remain-
ing together when chromosomes recombine (true link-
age) to the likelihood of chance alone.

Lowest-observed- The lowest exposure level at which there are statisti-

adverse-effect level cally or biologically significant increases in the fre-

(LOAEL) quency or severity of adverse effects in the exposed
population and its appropriate control.

Margin of exposure The ratio of the NOAEL to the estimated exposure

(MOE) dose.

Maximum tolerated The maximum dose that an animal species can toler-

dose (MTD) ate for a major portion of its lifetime without signifi-
cant impairment or toxic effect other than carcinoge-
nicity.

Mechanism of action The detailed molecular knowledge of the events that

result in an adverse developmental response in an or-
ganism. This knowledge includes the following types
of mechanistic information: (1) The toxicant’s kinetics
and means of absorption, distribution, metabolism, and
excretion within the mother and conceptus; (2) Its in-
teraction (or those of a metabolite derived from it) with
specific molecular components of cellular or develop-
mental processes in the conceptus or with maternal or
extraembryonic components of processes supporting
development; (3) The consequences of the inter-
actions on the function of the components in a cellular
or developmental process; (4) The consequences of the
altered process on a developmental outcome, namely,
the generation of a defect. See also ‘mode of action.’

Mendelian trait Phenotype that shows simple pattern of inheritance.
Mendelian traits are usually governed by a single ge-
netic locus.

Mendelian gene A gene located in a chromosome that obeys the laws
of Mendelian inheritance.
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RNA that is derived from transcription of expressed
genes.

A subclass of minisatellites in which the repeat unit
consists of two base pairs (dinucleotide repeats).

A class of restriction fragment length polymorphisms
in which the restriction fragment length is caused by a
variable number of tandem repeats (VNTRSs).

The cascade of events that occurs during the develop-
ment of a major adverse event, following maternal
exposure to a toxicant. See also ‘mechanism of ac-
tion.” The description of mode of action contains less
molecular information on components, interactions,
and processes than does the mechanism of action of a
toxicant.

The study of correlating genotype with phenotype in
human population studies or family studies.

The interaction between allelic variants of genes and
environmental conditions in the production of disease.

One or more altered bases in a nucleic acid sequence.

An exposure level at which there are no statistically or
biologically significant increases in the frequency or
severity of adverse effects between the exposed popu-
lation and its appropriate control. Some effects may
be observed at this level, but they are not considered
adverse, nor precursors to adverse effects.

A sequence that codes for amino acids without any
termination codons and is potentially translatable into
protein.

The organ-forming phase of embryonic development.

A method that enables the presentation of large pep-
tide and protein libraries on the surface of phage par-
ticles from which molecules of desired functional
property(ies) can be rapidly selected.

The study of the heredity basis of differences in re-
sponse among individuals to pharmacologic drugs.

A biological trait (e.g., eye color).
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Pleiotropic A gene having multiple phenotypic traits
Polymorphism The presence of two or more alleles of a particular

gene within a population of organisms.

Prokaryotic Cells in which the nuclear region is not separated from
the cytoplasm by a membrane.

Pronucleus A haploid nucleus formed by either the sperm head or
the egg nucleus after fertilization but before the nuclei
fuse to form the diploid zygotic nucleus.

Proteomics Analysis of an organism’s protein composition and
function.
Reference dose (RfD) An estimate (with uncertainty spanning perhaps an

order of magnitude) of a daily exposure to the human
population (including sensitive subgroups) that is
likely to be without an appreciable risk of deleterious
effects during a lifetime.

Reference concentration An estimate (with uncertainty spanning perhaps an

(RfC) order of magnitude) of a continuous inhalation expo-
sure to the human population (including sensitive sub-
groups) that is likely to be without an appreciable risk
of deleterious noncancer effects during a lifetime.

Relative risk The ratio of incidence or risk among exposed individu-
als to incidence or risk among nonexposed individuals.

Restriction fragment Variations in DNA sequence that are indicated by the
length polymorphism presence or absence of particular restriction sites in
(RFLP) the DNA.

Restriction sites Specific, short DNA sequences that are recognized by

restriction enzymes that cleave the duplex DNA.

Reverse genetics An approach to identify the function of a particular
gene starting with a cloned copy of that gene.

Ribonucleic acid (RNA) A complex macromolecule composed of adenine, cy-
tosine, guanine, and uracil that is found in cellular or-
ganisms. RNA can serve several functions, including
encoding the genetic information copied from DNA in
the form of a sequence of bases that specifies a se-
quence of amino acids.
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Risk assessment The evaluation of scientific information on the haz-
ardous properties of environmental agents and on the
extent of human exposure to those agents. The prod-
uct of the evaluation is a statement regarding the prob-
ability that populations (expressed qualitatively or
quantitatively) so exposed will be harmed and to what
degree.

Risk characterization The integration of both qualitative and quantitative
information from hazard identification and assessment
of exposure and dose-response relationships. Itis usu-
ally the last step in the risk assessment process and it
includes an evaluation of uncertainty and variability
in the assessment that would significantly influence
the analysis.

RNAIi Inactivation of a gene by the introduction into cells of
double-stranded mRNA for that gene.

Saturation mutagenesis ~ Mutagenesis screen in which enough mutants are pro-
duced to obtain all the different kinds of mutants af-
fecting a particular process.

Selector genes Genes that encode transcription factors. Transcription
factors “select” which other genes will be expressed.

Sensitized strain A model organism that contains a mutated pathway
(e.g., signal transduction pathway), but the mutation
causes no visible phenotype. The mutated pathway is
close to a threshold of function and sensitive to an oth-
erwise asymptomatic change in activity of a second
element in the pathway.

Signal transduction Type of pathway used for cell-to-cell (intercellular)

pathway signaling. Signal transduction pathways can have
from 1 to 10 intermediates. These pathways are used
extensively during development.

Single nucleotide repeat A variation between individuals in one base pair at a
(SNP) specific location of a DNA sequence.

Spemann organizer A group of cells that releases inducer proteins that are
important in the placement, orientation, and scaling of
later development by surrounding cells.
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Stress pathway Type of pathway used in intracellular signaling. Stress
pathways are induced when a disruption of normal cell
function and development occurs due to physical or
chemical agents of the environment. Induction of
stress pathways leads to cellular repair and counterac-
tion.

Toxicity The process by which a toxicant enters an organism,
how it reacts with target molecules, how it exerts its
4
deleterious effects, and how the organism reacts to the
insult.

Toxicodynamics The study of how a toxic chemical (or metabolites de-
rived from it) interacts with specific molecular com-
ponents of cellular and, in the context of this report,
developmental processes in the body.

Toxicokinetics The study of how a toxic chemical is absorbed, dis-
tributed, metabolized, and excreted into and from the
body.

Transcription factor A DNA binding protein that is involved in the forma-
tion of mRNA.

Transgenic Any animal whose genome has been altered by addi-

tion of genetic material or by alteration of existing
genes by gene targeting.

Uncertainty factor (UF)  One of several factors used in calculating an exposure
level that will not cause toxicity from experimental
data. UFs are used to account for the variation in sus-
ceptibility among humans, the uncertainty in extrapo-
lating from experimental animal data to humans, the
uncertainty in extrapolating from data from studies in
which agents are given for less than a lifetime, and the
uncertainty in using LOAEL data instead of NOAEL
data.

Wild type The normal or usual allele or phenotype. In cases in
which multiple allelic variants have a normal pheno-
type, the wild-type allele is usually considered the
most common one.

Zygote An embryo newly formed as a result of fertilization.
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Database Descriptions

Examples of Genome, Protein, Genetic Variant, and Toxicology Databases,
as of the Beginning of 2000:

Protein, Nucleotide, 3D Structures, Genomes, Taxonomy, and PubMed Litera-
ture. The Entrez Browser at National Center for Biotechnology Information of
the National Library of Medicine and National Institutes of Health
http://www.ncbi.nlm.nih.gov/Entrez/
Established in 1988 as a national resource for molecular biology information,
NCBI creates public databases, conducts research in computational biology,
develops software tools for analyzing genome data, and disseminates biomedi-
cal information - all for the better understanding of molecular processes affect-
ing humans and disease. Linked databases for protein sequences, nucleotide
sequences, 3D structures of proteins and nucleic acids, genomes, taxonomy,
and the PubMed literature.

Biochemical Nomenclature

http://alpha.qmw.ac.uk/~ugca000/iupac/jcbn
The Biochemical Nomenclature Committee Web site has links to the Interna-
tional Union of Biochemistry and Molecular Biology and the International
Union of Pure and Applied Chemistry.

Enzyme Nomenclature
http://www.expasy.ch/enzyme/
The Enzyme Nomenclature Database. This site is a repository of information

relative to the nomenclature of enzymes. It is primarily based on the recom-
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mendations of the Nomenclature Committee of the International Union of Bio-
chemistry and Molecular Biology (IUBMB) and it describes each type of char-
acterized enzyme for which an EC (Enzyme Commission) number has been
provided.

Protein Sequences

http://www.expasy.ch/sprot/sprot-top.html
Home of the SWISS-PROT Annotated Protein Sequence Database. SWISS-
PROT is a curated protein sequence database that strives to provide a high
level of annotations (such as the description of the function of a protein, its
domains structure, post-translational modifications, variants, etc), a minimal
level of redundancy, and a high level of integration with other databases.

Mendelian Inheritance in Man

http://www.ncbi.nlm.nih.gov/omim/
This database, developed by the National Center for Biotechnology Informa-
tion (NCBI), is a catalogue of human genes and genetic disorders authored and
edited by Dr. Victor A. McKusick and his colleagues at Johns Hopkins and
elsewhere. It contains textual information, pictures, and reference information
as well as links to NCBI’s Entrez database of MEDLINE articles and sequence
information.

Nomenclature for Human Gene Mutations
http://www.interscience.wiley.com/jpages/1059-7794/nomenclature.html
This Internet site contains recommendations for a Nomenclature System for
Human Gene Mutations.

Human DNA Polymorphisms

http://research.marshfieldclinic.org/genetics
This site contains a significant amount of information on human DNA poly-
morphisms and their analysis.

Phosphodiesterase (PDE) Gene Family

http://depts.washington.edu/pde/
Recent phosphodiesterase (PDE) gene family nomenclature recommendations.
Includes updates for nearly all of the gene families and many of the subfami-
lies.

Human Gene Nomenclature

http://www.gene.ucl.ac.uk/nomenclature/
Web site for the Human Gene Nomenclature Committee. It includes a nomen-
clature database and guidelines. In addition, the site contains information on
gene families and access to other relevant links.
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The Mouse Genome

http://www.informatics.jax.org/support/nomen
The Mouse Genome Database (MGD) contains information on mouse genetic
markers, molecular segments, phenotypes, comparative mapping data, experi-
mental mapping data, and graphical displays for genetic, physical, and cytoge-
netic maps. MGD is updated daily.

Mouse Knockout Mutants

http://www.bioscience.org/knockout/knochome.htm
The Knockout Mouse Database at this Web address presents information on
the phenotypes rendered by the knockout of various molecules. Gene knock-
outs are classified according to the viability of the mice: (1) gene knockouts
that are compatible with viability; (2) gene knockouts that result in prenatal
mortality; (3) gene knockouts that result in postnatal mortality; and (4) gene
knockouts that result in perinatal mortality.

Drosophila Genome

http://flybase.bio.indiana.edu/
FlyBase is a comprehensive database of information on the genetics and mo-
lecular biology of Drosophila. It includes data from the Drosophila Genome
Projects and data curated from the literature. FlyBase is a joint project with the
Berkeley and European Drosophila Genome Projects.

Rat Genetics and Genes

http://ratmap.gen.gu.se/ratmap/wwwnomen/nomen.html
The International Rat Genetic Committee (RGNC) is dedicated to developing
an internationally accepted standard genetic nomenclature for rats and to bring
this nomenclature to the attention of scientists working in the field of rat genet-
ics. On its web site there is information on rat gene symbols, DNA symbols,
chromosome nomenclature, and a brief summary of rat locus symbol nomen-
clature rules.

Chicken Genetics and Genes
http://www.ri.bbsrc.ac.uk/chickmap/nomenclature.html
This Web site is the home of Chickmap, a chicken gene mapping project, main-
tained by the Roslin Institute. It includes information on nomenclature for nam-
ing loci, alleles, linkage groups, and chromosomes to be used in poultry ge-
nome publications and databases.

Zebrafish Development

http://zfishstix.cs.uoregon.edu/
Home of Fish Net, a gateway to Zebrafish Research Databases, provided by
the Institute of Nueroscience at the University of Oregon. Its links include
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information on: embryonic and larval anatomy, genomics, genetic staging,
molecular probes, and ZFIN, the on-line database of zebrafish information.

Zebrafish Gene Nomenclature
http://zfish.uoregon.edu/zf_info/zfbook/chapt7/7.1.html
An exerpt from Chapter 7 (Genetic Methods) of the Zebrafish Book. It address
conventions for naming zebrafish genes, including genes identified by muta-
tion as well as the use of abbreviated names and alleles. It also discusses prior-
ity in naming.

Nematode (C. elegans) Genes, Transcripts, and Proteins
http://www.sanger.ac.uk/Projects/C_elegans/blast_servers.html
Home of the Sanger Centre’s C. elegans BLAST server. This site allows the
searching of a DNA database containing sequence data from both the Cam-
bridge and St. Louis sequencing groups. You can also search the current data-
base of C. elegans ESTs and the C. elegans protein database wormpep.

American Type Culture Collection (ATCC)

http://www.atcc.org/
ATCC is a global nonprofit bioscience organization that provides biological
products, technical services, and educational programs to private industry, gov-
ernment, and academic organizations around the world. The mission of the
ATCC is to acquire, authenticate, preserve, develop, and distribute biological
materials, information, technology, intellectual property, and standards for the
advancement, validation, and application of scientific knowledge.

Plant Genome Nomenclature

http://jiio6.jic.bbsrc.ac.uk/
The Mendel Bioinformatics Group at the John Innes Center in the UK main-
tains this database of plant genome nomenclature.

Yeast (S. cerevisiae) Genome, Genes, and Proteins
http://genome-www.stanford.edu/saccharomyces/
Home of the Saccharomyces Genome Database (SGD), covering the molecular
biology and genetics of the yeast Saccharomyces cerevisiae, commonly known
as baker’s or budding yeast.

Human Cytochrome P450 Polymorphisms

http://www.imm.ki.se/CYPalleles/
Recommended nomenclature for the polymorphisms of human cytochrome
P450 enzymes.
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Signal Transduction

http://www.stke.org/
Sponsored by the journal Science and Stanford University, this site provides
information on all signaling pathways, the variety of ligands, the protein inter-
mediates, the variety of protein kinases, and the cross-talk of pathways.

Proteomics

http://expasy.nhri.org.tw/ch2d/
The Swiss database for identity of proteins by 2D polyacrylamide gel electro-
phoresis, as well as techniques and links.

Mouse Transgenic and Targeted Mutation Database

http://tbase.jax.org
The TBASE database attempts to organize information on transgenic animals
and targeted mutations generated and analyzed worldwide.

Expressed Sequence Tag Web Site
http://www.ncbi.nlm.nih.gov/dbEST/index.html
The expressed sequence tag database contains sequence data and other infor-
mation on expressed sequence tags from a number of organisms.

TOXNET (Toxicology Data Network)

http://sis.nlm.nih.gov/sis1/
TOXNET is a collection of databases on toxicology, hazardous chemicals, and
related areas. The databases include TOXLINE, which contains citations from
1965 to the present on the pharmacological, biochemical, physiological, and
toxicological effects of drugs and other chemicals; the Developmental and Re-
productive Toxicology (DART) Database; and the Hazardous Substance Data
Bank (HSDB).

Cancer Gene Anatomy Project

http://www.ncbi.nlm.nih.gov/ncicgap/
The Cancer Gene Anatomy Project (CGAP), administered by the National Can-
cer Institute, was established to generate information and technical tools needed
to study the molecular anatomy of the cancer cell. Much of the information
generated is presented in several databases maintained by the National Center
for Biotechnology Information. These databases can be accessed through the
CGAP Web site.

Environmental Genome Project

http://www.niehs.nih.gov/envgenom/
The goal of the Environmental Genome Project (EGP), administered by the
National Institute of Environmental Health Sciences, is to understand the im-
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pact and interaction of environmental exposures on human disease. Specifi-
cally, polymorphisms of environmental disease susceptibility genes are being
identified and a central database of polymorphisms for these genes is being
developed. This database, developed in conjunction with the University of
Utah Genome Center, integrates gene sequence and polymorphism data; see
www.genome.utah.edu/genesnps/. The EGP Web site also offers links to data-
bases maintained by other organizations, such as Gene Map 99 (a map of more
than 30,000 human genes) and the Oak Ridge National Laboratory Human
Chromosome Map.
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Signaling Pathways

Seventeen intercellular signal transduction pathways are currently known
with regard to the identity of their ligands, transduction intermediates, kinases,
and targets. These are illustrated in Panels 1-17. Several were discovered in the
course of the analysis of developmental mutants of Drosophila. Since no new
mutant has been discovered recently in the continuing analysis of mutants, it is
expected that most are already known. Pathways 1-6 are used extensively in early
development, for example, axis specification and germ layer formation, as well
as later. Pathways 7-10 are used in later development, including organogenesis
and tissue renewal. Pathways 11-17 are used extensively in the physiological
function of differentiated cells of the fetus, juvenile, and adult.

Approximately twelve intracellular pathways of checkpoint controls and
molecular stress responses are currently known. Three are illustrated in Panels 18
and 19, and several are listed in Table 6-7. Panel 18 shows the ER-Golgi unfolded
protein response, a molecular stress response of the cell to various chemical (e.g.,
ethanol, dithiothreitol) or physical (e.g. heat) conditions that lead to loss of func-
tion by protein unfolding (“denaturation”). The response leads to increased chap-
erone protein levels in the ER and Golgi, which increase refolding and restore
function. The pathway also acts as a G1/S checkpoint control when naturally
unstable proteins are produced. Panel 19 shows the p53 related stress response to
DNA damage (genotoxic stress) leading to G1/S or G2/M arrest until repair is
completed (upper half of panel). The pathway also acts as a checkpoint control
monitoring DNA synthesis, imposing G2/M arrest until it is finished, via phos-
phorylation of the cdc25 phosphatase (lower half of panel).
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1A. Wnt pathway via $—catenin

Nematodes, Drosophila, vertebrates
Large family of ligands (Wnt 1-11) in vertebrates. Wg in Drosophila.
Several receptors of the Frizzled family and several GSK3 kinases in vertebrates.

Signaling affects transcription, spindle orientation, cell polarity, and maybe cadherin-mediated
adhesion and gap junctions.

The pathway is used extensively in early development.

transcription

outside inside factor

Tcf/Lef1

transcription
co-factor

B-catenin

ubiquitination + B-TrcP
degraded + proteosome
o
%690

gene
expression

Frizzled
receptor

1B. Wnt pathway via JNK (planar cell polarity pathway)

Drosophila and vertebrates. Used in morphogenesis and establishment of cell polarity.

outside

JNK/SAPK

gene

» RhoA ___ msn kinase/ expression
._.>
Rac PAK
Frizzled
receptor
cytoskeletal
targets

Abbreviations: APC=adenopolyposis coli protein; betaTrCP= beta-Transducin repeat containing protein, a
ubiquitin ligase; Dsh=dishevelled; GBP=GSK3 binding protein; GSK3=glycogen synthase kinase 3;
JNK=Jun N-terminal kinase; Lef1=lymphoid enhancer binding factor 1; msn=misshapened; PAK=p21
activated kinase; Rho, Rac=small GTP binding proteins; SAPK=serum activated protein kinase/S6 kinase;

Tcf=T-cell transcription factor; Wnt=contraction of Wingless (Drosophila mutant) and Int (MMTV integration
site in mouse).
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2. Receptor serine/threonine kinase (TGF-3 receptor) pathway

Nematodes, Drosophila, vertebrates. In Drosophila, there are seven ligands, all of the BMP family. In
vertebrates >30 ligands: TGF-betas, BMPs, GDFs, activin, inhibin, nodals, MIS, dorsalin, "growth
factors". Many receptors (>4), each containing a type | and type Il chain. At least 9 Smads. Signaling
affects transcription via Smad transcription factors. The pathway is used extensively in develoment.

type Il
ligand

gene
expression

type |

cross-phosphorylation
o Smad
2,3;1,5,8

o
Smadé6,7
Abbreviations: FAST=forkhead activin signal transducer; TGF=transforming growth factor;
Smad=transcription factors, "Sma" (a C. elegans gene) and "Mad" (a Drosophila gene), combined.

l hetero-dimerization,

(Y

transcription
factor

3. Hedgehog pathway (Patched receptor protein)

Drosophila, vertebrates, absent from nematodes. Several receptors and ligands in vertebrates (Sonic,
Desert, Indian Hedgehog). Ligands require cholesterol addition and proteolytic cleavage for activity.
Signaling affects mostly transcription via the Cubitus interuptus zinc-finger transcription factors (Gli family).
When signaling occurs, the transcription factor is not cleaved and remains in its activating form. Without
signaling, the factor is cleaved to a repressive form. The pathway is frequently used in early development.

NO
&

microtubules Q

proteln

transcription
factor

activator

long form
gene

expression

B-TrCP
ubiquitination
——
limited
proteolysis

short form

repressor
outside

Abbreviations: beta-TrCP=beta-Transducin repeat containin protein; Ci=cubitus interruptus transcription
factor in Drosophila; called Gli in vertebrates; Cos2=costal 2 kinesin like protein, with likely microtubule
affinity; Fu=fused kinase; Ptc=patched receptor; Smo=smoothened receptor associated protein;
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4. Receptor tyrosine kinase pathway (small G-protein [Ras] linked)

All metazoa

In vertebrates, many dimeric protein ligands: FGF 1-11; PDGF; EGF; VEGF; IGF; Ephrins (mitogens;
"growth factors"). Many also in Drosophila, EGF-like, FGF-like, torso, Boss.

Many receptors in vertebrates: FGFR 1-4; PDGFR; EGFR; IGFR, Eph receptors; many small G proteins,
and many (>407?) kinases.

Signaling affects transcription (c-Fos, Jun, Ets, AP-1 transcription factors), cell cycle proteins,
cytoskeletal and motility proteins. Extensive cross-talk with other pathways. Mediates some stress
responses (via p38K?). Often used in early development.

outside Raf MEKK MAPKKK

inside
v
MEK MAPKK
Yov oy
ERK MAPK JNK/p38

\
TARGET PROTEINS-P (including
transcription factors)

o
]
@
4]
@
o
o
S
i~

Receptors #-BRaf # kinases ®
dimerize bundling proteins (stress fibers)

kinase

@ »WASP —s Arp2/3

/ +kinases (lamellipodia)

\".®>WASP > Am2/3
PI3 kinase P

+kinases (filipodia)
p85 complex PLC-y

SH2-PT- Akt (PKB) PKC

phosphatase Rin, Rap, Ral, Ralf —# TARGETS

TARGETS-P  TARGETS-P

Abbreviations: ABP=actin binding proteins; Akt=a serine/threonine kinase, also called PKB;
Arp2/3=actin related proteins 2 and 3; ERK=extracellular signal-regulated kinase; Grb2=growth
factor receptor-bound protein 2, a docking protein; JNK=Jun N-terminal kinase; MAPK,
MAPKK=mitogen activated kinase and the kinase kinase; p38=a kinase involved in stress
pathways; PI3 kinase=a kinase adding phosphates to phosphoinositide triphosphate; PKB=protein
kinase B; Rac/Ras/Rho=small G proteins; Raf=a serine/threonine kinase; SH2-PT-phosphatase=a
phosphotyrosine phosphatase containing an SH2 domain; SOS=Son of Sevenless, a GTP/GDP
exchange factor protein; WASP=Wiskott-Aldrich syndrome protein.
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5. Notch-Delta pathway

Nematodes, Drosophila, vertebrates. Ligands, which include Delta, Serrate, LAG-2, and APX-1 family
members, are transmembrane ligands (no diffusion from signaling cell). The receptors require two
proteolytic steps for activity. A receptor is used only once. Signaling affects transcription. The pathway is
used frequently in early development, for example, in lateral inhibition patterning.

outside

gene

Notch expression

receptor * .

(E[spl] genes
activated)

/ (sutH)

trans-

membrane __transcription
ligand factor
(Delta) -

" cleavage

Abreviations: E(spl)=enhancer of split genes in Drosophila, called HER genes in vertebrates;
Su(H)=suppressor of Hairless, a Drosophila transcription factor, called CSL in vertebrates.

6. Receptor-linked cytoplasmic tyrosine kinase (cytokine) pathway
Nematodes, Drosophila, and vertebrates. Some components are present in slime molds
(non-metazoan eukaryotes). Many ligands in mammals: erythropoietin, GMCF, prolactin,
thrombopoietin, growth hormone, LIF, CNTF, oncostatin M, cardiotrophin 1, IL-2, -3, -4, -6, -11,
-12, -13, Interferons. At least three classes of receptors in mammals. Several kinases in
mammals: e.g. JAK 1-3, Tyk2. Signaling affects transcription via activation of Stats 1-7.

STAT can also be phosphorylated
/ \ by the RTK pathway

TARGE‘E dlmenze
(STAT) .
expression
actlve
transcription
outside inside factor

Abbreviations: JAK=Janus kinase, a class of tyrosine kinases; L=extracellular ligand;
STAT=signal transducer and activator of transcription protein.
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7. IL1/Toll receptor; NF-kappaB pathway
Drosophila, vertebrates, (absent in nematodes). The pathway is used in anti-bacterial innate immunity
of most metazoa and plants. Receptor ligands in vertebrates include Interleukin-1 (of the IL-1
receptor) and in Drosophila include Spatzli (of the Toll receptor). Many other pathways can lead to
NFKB activation as well, e.g., from TNF (see pathway 9), LPS, double stranded RNA, viruses, various
stresses (via MAPKSs, see pathway 4). Signaling effects are mostly on transcription via NFKB and rel
family transcription factors. Used in Drosophila early development with Dorsal as the transcription
factor and cactus as the IKB-like inhibitor.

stress pathways via p38 kinase and —
TNF-alpha can activate IK kinase @ protein inhibitor

inside inactive
IK kinase/ transcription
CHUK ~ factor
® i ‘
kinase @
% active
transcription

activated
ubiquitination ¢ B-TrCF factor
degradatlon

outside

gene
expression

Abbreviations: B-TrCF=beta Transducm repeat containing protein, a ubiquitin ligase;
IkB=inhibitor of NFkB; NFkB=nuclear factor kappaB.

8. Nuclear hormone receptor pathway

Drosophila and vertebrates have steroid and retinoic receptors. All metazoa probably have at least
orphan receptors. Vertebrates have a great variety of ligands: steroid hormones (estrogen, gluco-
corticoids), retinoic acid, thyroxin, and some prostaglandins. All ligands pass the plasma membrane
passively. Some receptors are cytoplasmic and some nuclear in the non-liganded state. None is a
transmembrane protein. Receptors are zinc-finger DNA binding transcription factors (PPAR, steroid,
thyroxin, vitamin D3, retinoic acid). Signaling affects transcription, both activation and repression.

estradiol
O gene
dimerizes expression
retinoic acid ER | dimerizes with

_ — RXR protein for
transcriptional
outside inside activation)

Abbreviations: ER=estrogen receptor; Hsp=heat shock protein, a protein folding
chaperone; PPAR=peroxisome proliferator activated receptor; RAR=retinoic acid
receptor; RXR=orphan receptor binding an unknown ligand or no ligand.
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9. Apoptosis pathway (cell death pathway)

All metazoa. There are many paths of activation of the caspase proteolytic enzymes that
ultimately impose cell death, e.g., fromextracellular signals such as TNF alpha or beta, and Fas

ligand (from killer T cells), and intracellular signals such as DNA damage due to cellular stresses
or checkpoint failures.

TNF receptor

TRADD adaptor
TNF
/ ProCaspase 2
M

ProCaspase 3, 6, 7

cross
proteolysis
Caspase 8 Apoptosis
EITHER/OR active
1
FADD adapter
c 367 Proteolysis
ProCaspase 8 aspasg , 6, of Target
active proteins
FasL _ Fas receptor
("death
ligand" Cross
proteolysis
_— ~a————ProCaspase9
Caspase 8 Caspase 9
active active Apaft

cytochrome ¢
leakage

outside inside ProCaspase 3, 6, 7

Cellular stress via JNK kinase

i BAX, BH3 | . .
or Chepkpolnr fallurg can —-' proteins mitochondrion

activate apoptosis

Abbreviations: Apaf=apoptosis activating factor; BAX= protein inhibitor of Bcl2 proteins; BH3
proteins=those with a domain for binding to Bcl2 proteins; Caspases=specific proteolytic
enzymes; FADD=Fas receptor associated death domain protein ; FasL=FAS ligand;
TNF=tumor necrosis factor; TRADD=TNF receptor associated death domain protein.
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10. Receptor protein tyrosine phosphatase (RPTPs) pathway

Drosophila, vertebrates, nematodes. Ligands include ECM components (laminin and nidogen for
the LAR receptor; chondroitin sulfate proteoglycan for RPTPzeta; ganglioside G(M3) for
RPTPsigma). Vertebrates have many receptors (LAR, RPTPalpha, beta, mu/kappa, sigma, rho,
zeta). These phosphatases may counteract other signaling pathways by dephosphorylating
receptors and intermediates, such as p130Cas. The pathway is used in neuron pathfinding and
in T-cell and B-cell receptor signaling (the CD45 protein). Stress agents may block the
phosphatase, causing phosphorylated intermediates of other pathways to increase and signal.

inactive

stress pathways

HO H202
uv
hyperosmotic shock

dimer
dissociates

outside inside
Abbreviations: ECM=extracellular matrix; LAR=leucocyte-antigen related protein;
p130Cas=a docking protein of the Cas family.

11. Receptor guanylate cyclase pathway

Drosophila, vertebrates
In mammals, ligands include natriuretic peptides A,B,C and retinyl guanylate cyclase. In sea
urchin sperm, there is a fertilization activated guanylate cyclase. Several cGMP-dependent

kinases are present in vertebrates. Signaling affects transcription (via c-Fos, JunB, CREB, AP-1)
and ion channels (retina).

outside inside

GTP

CGMP = C?(Mp'dep' -» TARGETS-P :
guanylate . inases including expression
cyclase  +PPi transcription
factors

Abbreviations: cGMP=cyclic GMP.
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12. Nitric oxide receptor pathway

Drosophila, vertebrates (nerve, smooth muscle, platelets), molluscs, probably not in nematodes
(C. elegans).

The receptor is a cytoplasmic heme containing enzyme; NO binds at the heme group. There are
several kinds of cGMP dependent kinases and many protein targets of the cGMP kinases.
Signaling affects transcription (via c-Fos, CREB) and other cellular functions.

outside inside

- TARGETS-P

kinases

includin expression
yoinse PP transcri t’g
cyclase ption
factors

Abbreviations: NO=nitric oxide; cGMP=cyclic GMP..

13. G-protein coupled receptor (large G-protein) pathway
All metazoa. Also present in some single celled eukaryotes. In vertebrates, there are many ligands
(proteins, peptides, small molecules) such as odorants, angiotensin, thrombin, epinephrin, glucagon,
adenosine, seritonin, and various releasing factors. Many receptor proteins (1000 odorant receptors in
vertebrates), rhodopsin (light), all of seven-pass transmembrane structure. Many G-proteins of the
"large type", several adenyl cyclases, phospholipases, PKAs, and PKCs. Signaling affects transcription
(e.g. via CREB), secretion, metabolism, motility, and other protein kinases (via MAPKKK).

outside inside Protain
adenyl —p cAMP e Haca A TARGET
cyclase (PKA) PROTEINS-P

9'0 / adenyl
Gs
cyclase Protein » TARGET
Gi» X kinaseC~ | PROTEINS-P
v 0AG A (PKC)

CAM g TARGET

c éH- kinases PROTEINS-P

CHamels calcineurin
open/close —» TARGET

phosphatase PROTEINS

channels
PIBK  p ¢GMP phospho- NFATc
open/close‘) diesterase

chemotaxis prostaglandins

Abbreviations: o, B, y=alpha, beta, gamma subunits of the large G-protein; DAG=diacyl glycerol; IP3=
inositol triphosphate; NFAT=nuclear factor activating transcription; PI3K=3-phosphoinositde kinase;
PLA2=phospholipase A2; PLCy=phospholipase Cy.
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14. Integrin pathway

All metazoa. Ligands are mostly RGD-containing components of the extracellular matrix such as
fibronectin, laminin, proteoglycans, and collagen. There are many integrin receptors in mammals
consisting of combinations of different alpha (>8) and beta (>14) subunits.Several focal adhesion
kinases (FAK) and Src family kinases are activated inside the cell.

Signaling affects motility, adhesion, and transcription.

Integrins

extra-
cellular

\

TARGETS-P TARGETS-P
outside inside

Abbreviations: FAK=focal adhesion kinase; p130Cas= a docking protein of the Cas
family; Src=Sarcoma virus (Rous) kinase;

15. Cadherin pathway

All metazoa

In vertebrates, >10 kinds of cadherins (maybe many more) such as N, L, E. Cadherins bind
calcium ion and mediate homophilic cell adhesion and microfilament assembly (in adherens

junctions) using o- and B-catenin. Some transcription may be sensitive to the removal of
beta-catenin by junction formation.

actin
microfilaments

' o-catenin
cell 1 cell 2

inside inside

cadherin extracellular domain

B-catenin

signal removal?
(B-catenin is used in
the Wnt pathway)
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16. Gap junction pathway

Present in all metazoa; called gap junctions in vertebrates or septate junctions in
invertebrates. In vertebrates, there are >8 kinds of junction proteins (connexins), some
incompatable for a connection between two cells. Gap junctions have open and closed
states. They allow ions, cAMP, and metabolites under 1200 daltons to pass. The

membrane potential is equalized between cells when the junction is open. Some junctions
are rectifying.

. - ~—
ions, ions,
CAMP, — — cAMP,
metabolites metabolites
-
cell 1 inside cell 2 inside

17. Ligand-gated cation channel pathway
All metazoa.

In vertebrates there are several receptors and several ligands, e.g. acetylcholine; glutamate,
NMDA, GABA. Some channels are gated internally (e.g. by ATP, cGMP).

Signaling affects membrane potential leading to calcium dependent events (exocytosis,
contraction).

Na' K*
Ca ++

outside inside ‘
voltage-sensitive
. / &TARGEI'S
open ———————= ’Na+j:K" -
Caf“’;( c'alniédulinl

TARGETS
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18. A stress response: The unfolded protein response (UPR)

nucleus

ER and ; cytosol
Golgi . .

Protei f (genes encoding
roteins , , , ) S
for __Translation _ BrLP’ van;)gss il:d
refoldin in RER chaperones,

teing - disulfide isomerase)
pro ,

gene expression

o (@ __ Transcription = *
, factor
) _ | dimerizes, Active transcription factors
protein cross
unfolds

phosphorylates '

endonuclease
splices
HAC1-type
mRNA

chemicals, oxidation, reduction, analogs

* 3
_presenilin
_protease
b

&

\, elF20 c-Jun

' j - \\\ activated
P3P oot

protein
synthesis
blocked

 Ire1and ,
_ ATF6 fragments
_after proteolysis

Abbreviations: ATF6=a basic leucine zipper transcription factor; BiP=a chaperone localized
in the ER ; chaperone=a protein catalzying the folding of other proteins; elF2a = a
translation initiation factor; ER=endoplasmic reticulum; Ire1=a threonine-serine specific
kinase and an endonuclease; HAC1=a yeast mRNA spliced by Ire1 nuclease, encoding a
transcription factor; presenilin protease=a protease cleaving membrane associated proteins;
RER=rough endoplasmic reticulum. . .
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19. Stress responses and checkpoints for DNA damage and replication.

G1—=S G1 Arrest

i

Cdlevclln —-“-* CdeCyclln /
inactive Cdc25 active
inside active

mactlve

outside
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Abbreviations: 14-3-3=a sequestering protein; ATM=ataxia telangiectasia mutated kinase; ATR=ATM related
kinase; Bax=protein activator of apoptosis; cdc25=a specific phosphatase; cdk=cyclin dependent kinase; chk1,
chk2=checkpoint kinases 1 and 2; DNA-PK=DNA dependent protein kinase; p53=a 53kD transcription factor.
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