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FOREWORD

Toxicological research is driven by the need to understand and assess the human and
ecological risks of exposure to chemicals and other toxicants as well as by interest
in using toxic agents to elucidate basic biological and pathobiological processes. The level
of research activity in this field is higher, the rate of change in knowledge more rapid, and
interest in applying scientific information to societally important issues is greater than
ever before. These are exciting and challenging times to be working in toxicology. The
ongoing ferment builds on the extraordinary advances being made in the understanding
of biological systems at the molecular level. This fundamental knowledge provides the
opportunity for greatly enhanced insight into how chemicals and other stressors may
damage biological structures and processes, influence the rate of biological repair, and
lead to reversible or irreversible diseases or to a return to health.

Society increasingly calls on the scientific community for the knowledge needed both to
reevaluate the health hazards of existing products and technologies and to evaluate the
prospective hazards of new ones. Such information is used to develop guidelines and
regulations designed to ensure that these new products and technologies do not harm
people or the environment.

Acquiring sound, reproducible scientific data that can be integrated with existing infor-
mation to advance the knowledge of toxicants and living systems requires rigorous
adherence to the scientific method. This means intelligent, thoughtful individuals identi-
fying important needs, formulating testable hypotheses, designing experiments to test
them, meticulously conducting these experiments, carefully reviewing and interpreting
data, and ultimately presenting this information to scientific peers, including publishing
itin the peer-reviewed literature. Current Protocols in Toxicology is a clear and well-docu-
mented compendium of the most important methods in the field—proven approaches
developed by leading researchers—for the benefit of other experimentalists, from students
to seasoned investigators. Since toxicology by its nature is multidisciplinary, other titles
in the Current Protocols series may also provide relevant methods. Although review of
the literature cited for each procedure can give added insight into the underlying theory
and breadth of applications, the protocols have been carefully designed to provide clear,
step-by-step descriptions that can easily be followed even by the relatively inexperienced.

Regular updates to Current Protocols in Toxicology manual will help ensure an awareness
of changes in previously documented methods and of methods newly developed. Use of
these protocols will avoid unnecessary duplication of effort in development and validation
when the methods are applied without modification, and will speed up the development
of more refined methods that will further advance the field of toxicology and, in turn, may
have a place in future updates.

Roger O. McClellan
Chemical Industry Institute of Toxicology
Research Triangle Park, North Carolina

Current Protocols
in Toxicology

Contributed by Roger O. McClellan
Current Protocols in Toxicology (1999)

Copyright © 1999 by John Wiley & Sons, Inc.
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PREFACE

he span of research in toxicology has been expanding and diversifying precipitously

in recent years. One cause for this is the ongoing increase in industrial activity and
in the generation of toxic compounds that then find their way into the environment.
Another is the intensifying public awareness of the health effects of chemical exposure.
The expansion of the field can be observed by attending any major scientific event
dedicated to toxicology—such as the annual meetings of the Society of Toxicology, whose
attendance has tripled in the course of the 1990s.

Examining the meeting program for one of these events provides a very good feel for the
broad scope of toxicology. For those who have attended such meetings periodically over
the past few years, the dynamic nature of the field and its explosive growth is obvious:
there is simply more in-depth research going on every year. This is in contrast to
toxicology’s early years, when the field was dominated by research involving gross
assessment of organisms’ responses to toxic chemicals. More recent times have witnessed
the emergence of applications of state-of-the-art technology to the study of toxicity
responses in organisms and living cells, along with phenomenal advancement in molecu-
lar and biochemical techniques, which increasingly are finding their way into toxicology
research laboratories. A growing number of presentations at toxicology meetings consti-
tute bridges between basic toxicology research and approaches to improving human
health and environmental quality. It is this changing and expanding face of toxicology
and its methodologies that represented the greatest challenge in assembling Current
Protocols in Toxicology. We have attempted to include those methods that are presently
central to modern toxicology and that we expect will remain valuable tomorrow. Like the
field of toxicology, with its quarterly supplements this book will continue to expand in
scope, to include more topics and methods as the field advances.

Because toxicological questions may be addressed using methods deriving from a wide
variety of disciplines, other titles in the Current Protocols series may also provide methods
that can be applied in your research. Molecular biology techniques, in particular, are
integral to toxicological investigation. Such techniques are included where appropriate
within units in this book; however, where these protocols are located may not be readily
apparent from the table of contents. To help you find them, Table A.3A.1 in APPENDIX 3A
provides a listing of specific techniques and where they can be found, either in this book
or in related Current Protocols manuals. In addition, protocols for a number of basic
techniques will be added to ApPENDIX 3 in future supplements.

Although mastery of the techniques in this manual will enable readers to pursue research
in toxicology, the manual is not intended to be a substitute for graduate-level courses or
a comprehensive textbook in the field. An inevitable hazard of manual writing is that
protocols may become obsolete as the field expands and new techniques are developed.
To safeguard this manual from inexorable obsolescence (and perhaps pleasantly surprise
the users of the manual!), we provide quarterly supplements to provide protocols that
utilize new innovations and technologies in the field. The updatable formats—Ilooseleaf
binder, CD-ROM, Intranet, and online Internet—easily accommodate the addition of this
new material.

Current Protocols
in Toxicology

Contributed by Mahin D. Maines, Lucio G. Costa, Donald J. Reed, Shigeru Sassa, and 1. Glenn Sipes
Current Protocols in Toxicology (1999) iii-vi
Copyright © 1999 by John Wiley & Sons, Inc.
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HOW TO USE THIS MANUAL

Format and Organization

This publication is available in both looseleaf and CD-ROM format. For looseleaf
purchasers, a binder is provided to accommodate the growth of the manual via the
quarterly update service. This format allows easy insertion of new pages, units, and
chapters that are added. The index and table of contents are updated with each supplement.
CD-ROM purchasers receive a completely new disc every quarter and should dispose of
their outdated discs. The material covered in the two versions is identical.

Subjects in this manual are organized by chapters, and protocols are contained in units.
Protocol units, which constitute the bulk of the book, generally describe a method and
include one or more protocols with listings of materials, steps and annotations, recipes
for unique reagents and solutions, and commentaries on the “hows” and “whys” of the
method. Other units present more general information in the form of explanatory text with
no protocols. Overview units contain theoretical discussions that lay the foundation for
subsequent protocols. Other discussion units present more general information.

Page numbering in the looseleaf version reflects the modular arrangement by unit; for
example, page 1.2.3 refers to Chapter 1 (Toxicological Models), unir 1.2 (Statistical
Methods in Toxicology), page 3 of that particular unit.

Many reagents and procedures are employed repeatedly throughout the manual. Instead
of duplicating this information, cross-references among units are used and recipes for
common reagents are supplied in ApPENDIX 2A. Cross-referencing helps to ensure that
lengthy and complex protocols are not overburdened with steps describing auxiliary
procedures needed to prepare raw materials and analyze results.

Introductory and Explanatory Information

Because this publication is first and foremost a compilation of laboratory techniques in
toxicology, we have included explanatory information where required to help readers gain
an intuitive grasp of the procedures. Some chapters begin with special overview units that
describe the state of the art of the topic matter and provide a context for the procedures
that follow. Chapter and unit introductions describe how the protocols that follow connect
to one another, and annotations to the actual protocol steps describe what is happening as
a procedure is carried out. Finally, the Commentary that closes each protocol unit
describes background information regarding the historical and theoretical development
of the method, as well as alternative approaches, critical parameters, troubleshooting
guidelines, anticipated results, and time considerations. All units contain cited references
and many indicate key references to inform users of particularly useful background
reading, original descriptions, or applications of a technique.

Protocols

Many units in the manual contain groups of protocols, each presented with a series of
steps. One or more basic protocols are presented first in each unit and generally cover the
recommended or most universally applicable approaches. Alternate protocols are pro-
vided where different equipment or reagents can be employed to achieve similar ends,
where the starting material requires a variation in approach, or where requirements for
the end product differ from those in the basic protocol. Support protocols describe
additional steps that are required to perform the basic or alternate protocols; these steps
are separated from the core protocol because they might be applicable to other uses in the
manual, or because they are performed in a time frame separate from the basic protocol
steps.



Reagents and Solutions

Reagents required for a protocol are itemized in the materials list before the procedure
begins. Many are common stock solutions, others are commonly used buffers or media,
while others are solutions unique to a particular protocol. Recipes for the latter solutions
are provided in each unit, following the protocols (and before the commentary) under the
heading Reagents and Solutions. It is important to note that the names of some of these
special solutions might be similar from unit to unit (e.g., electrophoresis buffer) while the
recipes differ; thus, make certain that reagents are prepared from the proper recipes. On
the other hand, recipes for commonly used stock solutions and buffers are provided once
in APPENDIX 24. These universal recipes are cross-referenced parenthetically in the mate-
rials lists rather than repeated with every usage.

Commercial Suppliers

Throughout the manual, we have recommended commercial suppliers of chemicals,
biological materials, and equipment. In some cases, the noted brand has been found to be
of superior quality or it is the only suitable product available in the marketplace. In other
cases, the experience of the author of that protocol is limited to that brand. In the latter
situation, recommendations are offered as an aid to the novice in obtaining the tools of
the trade. Experienced investigators are therefore encouraged to experiment with substi-
tuting their own favorite brands.

Addresses, phone numbers, and facsimile numbers of all suppliers mentioned in this
manual are provided in the SUPPLIERS APPENDIX.

Safety Considerations

Anyone carrying out these protocols may encounter the following hazardous or poten-
tially hazardous materials: (1) radioactive substances, (2) toxic chemicals and carcino-
genic or teratogenic reagents, and (3) pathogenic and infectious biological agents. Check
the guidelines of your particular institution with regard to use and disposal of these
hazardous materials. Although cautionary statements are included in the appropriate units,
we emphasize that users must proceed with the prudence and precaution associated with
good laboratory practice, and that all materials must be used in strict accordance with
local and national regulations.

Animal Handling

Many protocols call for use of live animals (usually rats or mice) for experiments. Prior
to conducting any laboratory procedures with live subjects, the experimental approach
must be submitted in writing to the appropriate Institutional Animal Care and Use
Committee (IACUC) or must conform to appropriate governmental regulations regarding
the care and use of laboratory animals. Written approval from the IACUC (or equivalent)
committee is absolutely required prior to undertaking any live-animal studies. Some
specific animal care and handling guidelines are provided in the protocols where live
subjects are used, but check with your IACUC or governmental guidelines to obtain more
extensive information.

Reader Response

Most of the protocols included in this manual are used routinely in the authors’ laborato-
ries. These protocols work for them; to make them work for you they have annotated
critical steps and included critical parameters and troubleshooting guides in the commen-
taries to most units. However, the successful evolution of this manual depends upon
readers’ observations and suggestions. Consequently, a self-mailing reader-response

Current Protocols in Toxicology

Current Protocols
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survey can be found at the back of the manual (and is included with each supplement);
we encourage readers to send in their comments.
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CHAPTER 1
Toxicological Models

INTRODUCTION

his chapter illustrates a variety of general models and approaches that can be used in

toxicological studies. As such, it is considerably broader and more diverse than other
chapters in Current Protocols in Toxicology, presenting a broad group of methodological
approaches, in vivo models, and in vitro systems. As well as established toxicological
protocols, the chapter will cover both traditional and novel methods developed in other
disciplines that have potential application to toxicology.

UNIT 1.1 examines the role of nonhuman primates as animal models in toxicology
research. While not used extensively, for certain obvious reasons (such as cost and the
necessity for special facilities), their similarity animals to humans makes nonhuman
primates invaluable in certain aspects of toxicology. The unit discusses several areas
of investigation (including reproductive toxicology, neurobehavioral toxicology, and
immunotoxicology) where studies in nonhuman primates have provided important data
relating to understanding mechanisms of toxicity and setting safe levels of exposure to
toxicants.

Because the end-points of toxicity used in in vivo or in vitro studies are so diverse, use
of the appropriate statistical approach is of the utmost importance. UNIT 1.2 reviews
statistical methods in toxicology, with an emphasis on the approaches that should be
used with different toxicological tests.

The ability to generate transgenic animals, most often mice, that overexpress or lack a
certain protein (such as an enzyme or receptor) has been one of the major achievements
in life science research over the past several years. The availability of transgenic
animals allows a much better understanding of the physiological functions of proteins
of interest and of their potential role in chemical toxicity. UnIT 1.3 discusses strategies
and applications of transgenic animals in toxicology, as well as methods currently used
to generate transgenic mice.

DNA microarrays, also known as DNA “chips,” allow detection of expression of RNA
for thousands of genes that can be modified by toxic chemicals. In addition, they can
be used to detect DNA sequence polymorphisms, thus providing a powerful method to
assess genetic variations. An overview of the technologies of DNA microarrays and
their applications to toxicology is presented in UNIT 1.4.

UNIT 1.5 describes a series of methods for the preparation and use of fish-derived cell
lines for cytotoxicity testing of environmental contaminants. Another interesting model
system for toxicity testing is represented by sea urchin embryos and larvae. The model,
described in uniT 1.6, appears to be particularly promising for studies of the effects of
developmental neurotoxicants.

UNIT 1.7 describes yet another rather novel test system—the zebrafish—which has
potential for a number of applications.

Toxicological
Models

Contributed by Lucio G. Costa
Current Protocols in Toxicology (2003) 1.0.1-1.0.2
Copyright © 2003 by John Wiley & Sons, Inc.
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Two important in vivo models for studying Parkinson’s disease are discussed in uniT
1.8; they utilize treatments with MPTP in mice and non-human primates and with
6-OHDA in rats.

Upcoming units will discuss in vitro methods to assess toxicity and genotoxicity in
mammalian cells among other topics.

Lucio G. Costa

Introduction

1.0.2

Supplement 18 Current Protocols in Toxicology



Nonhuman Primates as Animal Models for

Toxicology Research

The use of nonhuman primates in biomedi-
cal research has a long and distinguished his-
tory (Bennett et al., 1995). An integral part of
this history is biomedical research in the area
of toxicology. The purpose of this unit is to
present an overview of the use of nonhuman
primate models in toxicological research. The
unit is organized into five sections. The first
section provides an overview of the extensive
work with nonhuman primate models in the
areas of reproductive toxicology and teratology
(birth defects). The second section focuses on
neurotoxicology research, including a brief dis-
cussion of nonhuman primate models for Park-
inson’s disease and methanol-induced ocular
toxicity. This section also offers an overview of
studies that used infant nonhuman primate
models to investigate the neurobehavioral toxi-
cology of early exposure to environmental pol-
lutants (lead, methylmercury, polychloro-
biphenyls) and drugs of abuse (ethanol, co-
caine). Section three focuses on
immunotoxicology. Recent studies that used
nonhuman primate models to examine the ef-
fects of polychlorobiphenyls (PCBs) and early
ethanol exposure are provided as examples.
The fourth section discusses research in respi-
ratory or lung toxicology and highlights the use
of nonhuman primate models in studies of in-
haled particles. The final section provides an
overview of the use of nonhuman primate mod-
els for research in chemical carcinogenesis.
This section also discusses long-term National
Cancer Institute studies that used nonhuman
primates in tumor-incidence research. More
recent uses of nonhuman primates in studies of
the role of diet in the development of cancer are
also presented. The unit closes with a few com-
ments on other important uses of nonhuman
primates in toxicological research.

Although this unit describes the numerous
contributions of nonhuman primate models in
toxicology, it is important to keep in mind that
the majority of toxicology research is con-
ducted using rodent animal models. Rodents
have more diverse behavioral repertoires, are
less expensive to purchase (thus allowing
larger sample sizes), and are easier to care for
than nonhuman primates. Rodents also de-
velop quickly, so adult physical stature and
sexual maturity are reached in months instead
of years.

Mazue and Richez (1982) delineated the
benefits and problems associated with using
nonhuman primates in toxicological research.
Issues such as phylogenetic proximity and
physiologic, metabolic, and behavioral similar-
ity were listed as benefits, whereas supply,
small sample sizes, the potential for disease
transmission to humans, and cost were listed as
problems. In addition to the above, the ethical
use and treatment of nonhuman primates is an
issue of great importance in toxicology re-
search. Although the ethical issues are not spe-
cific to nonhuman primate research or research
in toxicology (Dennis, 1997), researchers in
toxicology must weigh these issues—such as
why nonhuman primates are necessary in the
investigation of toxic effects and how many
animals are required to define potential toxic-
ity—carefully when the use of nonhuman pri-
mates is considered.

The nonhuman primates most frequently
used in toxicology are members of the Macaca
genus and include the crab-eating macaque (M.
fascicularis), the thesus macaque (M. mulatta),
and the pig-tailed macaque (M. nemestrina).
Less widely used are the baboon, squirrel mon-
key, and chimpanzee. The specific require-
ments for housing and maintenance of these
animals are described in the congressional Ani-
mal Welfare Act (AWA). (To obtain a copy of
the AWA, call the USDA at 916-857-6205.)
Administered by the US Department of Agri-
culture (USDA), this act covers all warm-
blooded animals, with the exception of rats,
mice, and birds. The US Public Health Service
(USPHS) requires that all institutions sup-
ported by the National Institutes of Health
(NIH) meet or exceed the regulations published
in the AWA. Briefly, the minimum space (cage
size) that must be provided to nonhuman pri-
mates is based on the animal’s weight, except
for brachiating species (those that rely on an
overhead arm swing for locomotion) and the
great apes (i.e., chimpanzees, orangutans, and
gorillas). The AWA contains a table for calcu-
lating appropriate cage size. Animals are typi-
cally fed twice a day to support natural foraging
behavior and to minimize the potential of clini-
cal disorders, such as bloating. Purina High
Fiber Monkey Chow (#5049) provides all the
basic nutritional requirements, although diets
are typically supplemented with vegetables and

UNIT 1.1

Toxicological
Models

Contributed by Thomas M. Burbacher and Kimberly S. Grant

Current Protocols in Toxicology (1999) 1.1.1-1.1.9
Copyright © 1999 by John Wiley & Sons, Inc.

1.11



Nonhuman
Primates as
Animal Models
for Toxicology
Research

1.1.2

fruits, such as grapes, apples, green peppers,
cherry tomatoes, onions, potatoes, and yams.
Water is typically available ad libitum. Re-
cently, the AWA was amended to include envi-
ronmental enrichment programs for nonhuman
primates and dogs. Environmental enrichment
for primates typically includes regular oppor-
tunities for social contact for grooming and
play, chew toys, at least one perch in each cage,
food treats, positive interaction with a caregiver
or another familiar person, and daily visual and
auditory contact with at least one animal of the
same or a compatible species.

When working with nonhuman primates, all
laboratory personnel must follow special pre-
cautions for minimizing the transmission of
zoonoses. These precautions include, but are
not limited to, gloves, protective eyewear, shoe
covers, and laboratory coats. Many of these
steps have been adopted in response to the
potential lethal nature of the herpes B virus.
Because small research facilities find it difficult
to meet all the necessary requirements, most
nonhuman primate research in the United
States is carried out at one of the seven NIH-
sponsored Regional Primate Research Centers
(www.ncrrnih.gov/compmed/cmrprc.htm).

REPRODUCTIVE TOXICOLOGY
AND TERATOLOGY

Reproductive Toxicology

The value of the nonhuman primate model
in reproductive toxicology is largely based on
similarities of the hypothalamic-pituitary-
ovarian-uterine axis in monkeys and humans.
The general reproductive parameters shared
between many nonhuman primates and humans
include the plasma hormone patterns that sup-
port menstruation, the length of the menstrual
cycle, the onset of chorionic gonadotropin se-
cretion, placental structure, and length of ges-
tation (Hendrickx and Cukierski, 1987). Ma-
caque menstrual cycles are typically 28 days
long with 3 to 5 days of actual menses, closely
matching the human menstrual cycle. Concep-
tion rates vary among species and laboratories,
ranging from 25% to 50% after a single mating.
In addition, similarities in embryonic and fetal
development are evident, beginning with the
timing and length of organogenesis. As in hu-
mans, successful reproduction in primates re-
quires a fertilized oocyte to implant in the
endometrial lining of the uterus and complex
hormonal interactions to successfully maintain
the pregnancy. Once conception has taken
place, both humans and macaques show similar

early pregnancy plasma hormone patterns. Or-
ganogenesis begins on day 21 in the macaque
and day 18 in the human, ending on day 50 in
the macaque and day 60 in the human. Although
human placentas are monodiscoid (single
lobed) and macaque placentas are bidiscoid
(double lobed), placental function is virtually
identical. The gestation of a full-term infant
macaque ranges from 165 to 175 days (23 to
25 weeks), whereas human gestation is, on the
average, ~280 days (40 weeks).

Ovarian function and pregnancy are gener-
ally well understood in many nonhuman pri-
mate species and thus provide an opportunity
to examine the relationship between toxicant
exposure and reproductive dysfunction (e.g.,
alterations in menses and fertility). Studies can
be designed to evaluate changes in the produc-
tion of steroids after toxicant exposure and the
role these changes may play in adverse repro-
ductive outcomes. In addition to more immedi-
ate outcome measures, such as menses, ovula-
tion, and pregnancy, reproductive processes at
the opposite end of the reproductive continuum,
such as menopause, can also be examined in
lifespan studies (Sakai and Hodgen, 1988).

Within the context of reproductive toxicol-
ogy, Sakai and Hodgen (1988) pointed out the
importance of minimally invasive experimental
procedures. Examples of such procedures are
the collection of blood during the menstrual
cycle for analysis of gonadotropin and steroid
concentrations, the collection of urine for
analysis of steroids and pregnancy gonadot-
ropins, and minor surgical procedures (e.g.,
laparoscopy and laparotomy). Behavioral
methods have also been developed to minimize
the handling and subsequent stress of adult
female monkeys used for reproductive toxicol-
ogy studies. Monkeys can be trained to present
their perineum to human observers so men-
strual bleeding can be detected, and early preg-
nancies can be reliably palpated by 3 to 4 weeks
postconception (Burbacher et al., 1988).

Various macaque species have been used as
models in studies investigating the reproductive
effects of exposure to environmental pollutants
(lead, methylmercury) and of drug abuse (etha-
nol, cocaine). Procedures for evaluating the
characteristics of the menstrual cycle (length,
hormone status), breeding status (number of
timed matings to conception, conception rate,
live-birth delivery rate), and offspring viability
(gestation length, birth size, perinatal mortal-
ity) are typically included in these studies. Re-
sults indicated that lead exposure suppresses
circulating levels of luteinizing hormone (LH),
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follicle-stimulating hormone (FSH), and 17-3-
estradiol (E,) during the menstrual cycle in
crab-eating macaques (M. fascicularis). The
length of the menstrual cycle, the length of
menses, and the circulating levels of progester-
one were unaffected (Foster, 1992). Chronic
methylmercury exposure was associated with
adecrease in the number of live-born offspring
in crab-eating macaques, but the menstrual cy-
cle and menses lengths were again unaffected
(Burbacher et al., 1988). Reproductive effects
associated with ethanol exposure in pig-tailed
macaques (M. nemestrina) also included a sig-
nificant decrease in the number of live-born
offspring (Clarren and Astley, 1992). This ef-
fect was primarily the result of an increase in
the number of abortions. A study of the effects
of maternal cocaine exposure in rhesus mon-
keys (M. mulatta) did not reveal significant
effects on reproductive parameters (Morris et
al., 1996a). The number of females investigated
in this study (n = 3/group) may, however, have
been too small to detect such effects.

Teratology

One of the most important uses of nonhu-
man primate models has been in research aimed
atidentifying toxicants that cause birth defects.
Compared to adults, embryos and fetuses ex-
hibit an increased sensitivity to the structural
and functional effects of many chemical com-
pounds. Studies designed specifically to ad-
dress the risk of birth defects are required to
evaluate the health risks from exposure to cer-
tain environmental compounds or drugs. For
drugs that are likely to be taken by pregnant
women and for a widespread environmental
pollutant, such as lead or methylmercury, stud-
ies using nonhuman primate models may be
appropriate.

The antinausea drug thalidomide provides a
good example of the importance of using non-
human primate models in teratology research.
Limb malformations documented in infants
born to women who used this drug during
pregnancy were not observed in routine teratol-
ogy tests using rodent models. Parallel effects
were observed in nonhuman primates, includ-
ing timing (sensitive period), type of malfor-
mation (limb defects), and the dose required to
produce the teratogenic response (Hendrickx,
1973). The thalidomide episode established
nonhuman primates as an important animal
model for specific malformation syndromes
seen in human infants. However, as Hendrickx
and Binkerd (1990) noted, although nonhuman
primates provided an excellent model for the
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effects of thalidomide, this was not the case for
the developmental effects after exposure to the
rubella virus in early pregnancy. In a study
evaluating fifteen known human teratogens,
rodent models predicted a human teratogenic
response ~70% of the time, but nonhuman
primate models predicted such a response only
~50% of the time (Schardein et al., 1985).
Although several factors may account for
this—e.g., metabolic differences and the small
sample size typical in nonhuman primate
work—it is prudent to note that nonhuman
primates do not always mimic humans in their
teratogenic responses.

Nonhuman primate models have been used
in a wide range of studies aimed at assessing
the safety of pharmaceutical agents, environ-
mental pollutants, physical agents (e.g., X-rays),
and drugs of abuse as well as the effects of
infectious diseases. Hendrickx and Binkerd
(1990) provided a comprehensive listing of the
compounds that have been tested using nonhu-
man primate models and the corresponding
indices of toxicity in the offspring (e.g., fetal
death, structural malformations, growth retar-
dation, and functional deficits). In addition to
thalidomide, nonhuman primate models are par-
ticularly well recognized for helping elucidate
the dysmorphology associated with prenatal
exposure to vitamin A and its derivatives (reti-
noids), the anticonvulsant valproic acid, and
triamcinolone acetonide (a synthetic glucocor-
ticoid). Nonhuman primate models have also
played a contributory role in defining the genital
malformations associated with diethylstilbestrol.

NEUROTOXICOLOGY

One of the best known nonhuman primate
models in neurotoxicity is the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)—
treated monkey (Kaakkola and Teravainen,
1990; Bezard et al., 1997). The neurotoxic
effects after exposure to MPTP in human and
nonhuman primates resemble those associated
with Parkinson’s disease: i.e., hypokinesia, ri-
gidity, resting tremor, stooping posture,
dysphagia, depletion of striatal dopamine, and
loss of cells in the substantia nigra. Response
to drug therapy (e.g., levodopa) is also similar
in humans and nonhuman primates exhibiting
these symptoms. Studies using neural grafts in
MPTP-treated monkeys reported a reduction in
parkinsonism. Studies using MPTP-treated
monkeys will continue to provide important
information regarding the pathophysiology and
neurochemical effects associated with Parkin-
son’s disease. Studies of potential innovative or
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long-term drug therapies will also continue to
use this animal model.

Another excellent example of an important
nonhuman primate model is ocular toxicity
caused by methanol exposure. Methanol
(methyl alcohol or wood alcohol) poisonings
have been reported since the turn of the 20th
century and are characterized by severe meta-
bolic acidosis; ocular toxicity; and, in the most
serious cases, coma and death. Early studies
using nonhuman primate models indicated that
formate (formic acid), a metabolite of metha-
nol, was responsible for the toxicity associated
with methanol intake. Human and nonhuman
primates display similar effects from high-dose
methanol exposure, owing to their limited ca-
pacity, compared with rodents, to metabolize
formate to carbon dioxide (Black et al., 1985).
Elevated formate concentrations are believed
to cause the optic disc edema and optic nerve
lesions associated with methanol poisoning. As
is the case with MPTP exposure and induction
of a parkinsonian-like condition, treatment
with formate in the monkey induces the optic
nerve toxicity commonly associated with hu-
man methanol poisoning. Use of this animal
model has aided the development of treatment
strategies designed to mitigate the severe and
frequently permanent consequences of acute
high-dose methanol intake.

Neurobehavioral Toxicology

The highly evolved behavioral repertoire of
nonhuman primates makes them excellent sub-
jects for investigations of the functional effects
of neurotoxicants. The nonhuman primate
model is especially useful in studies of devel-
opmental exposures and effects, because mon-
keys, like humans, have relatively long periods
of gestation, infancy, and adolescence. Studies
can investigate possible critical periods in de-
velopment for neurotoxicant effects. Special
testing procedures are available for infant non-
human primates that target milestones in cog-
nitive and sensory development and physical
growth.

Macaque and human infants share certain
limitations and abilities, particularly during
the first months of life. The emergence of
reflexes like sucking, rooting, grasping, clasp-
ing, and righting can be evaluated as early as
postnatal day 1. Infant rhesus macaques (M.
mulatta) developmentally exposed to lead ex-
hibit lower muscle tonus and increased agita-
tion on tests of neonatal reflexes and behav-
ioral organization compared to controls (Levin
et al., 1988).

Early cognition can be studied in monkeys
during the first months of life using procedures
identical to those used to evaluate human in-
fants. Tests of object permanence are generally
believed to measure coordinated reaching re-
sponses and spatial memory. Studies of in utero
exposure to methylmercury in crab-eating ma-
caques (M. fascicularis) indicated a delay in
object permanence development. On average,
infant crab-eating macaques exposed in utero
to methylmercury exhibited object permanence
a full month after controls (90 versus 60 days;
Burbacher et al., 1990a).

Visual recognition memory can be meas-
ured in both humans and monkey infants using
a test in which novel visual stimuli are paired
with familiar stimuli; looking times to each are
recorded (Fagan, 1990). Visual preferences for
novel stimuli are considered evidence for rec-
ognition memory because some aspects of the
familiar stimuli must be retained in memory for
the novelty response to occur. Deficits in visual
recognition memory have been found in a num-
ber of monkey groups at high risk for poor
developmental outcome, including those ex-
posed to known human teratogens (methylmer-
cury, ethanol; Burbacher et al., 1990a). Studies
with human infants also reported reduced vis-
ual recognition scores in infants prenatally ex-
posed to PCBs (Jacobson et al., 1985).

The development of primate social behavior
appears relatively sensitive to neurotoxicant
exposure. Infants exposed in utero to methyl-
mercury exhibited reduced levels of social play
and spent more time engaged in passive, non-
social behaviors (Burbacher et al., 1990b). In-
fant monkeys fed lead acetate daily from birth
to 1 year of age demonstrated disrupted social
development, resulting in decreased levels of
social play and increased levels of fear and
self-stimulation (Laughlin et al., 1991). These
effects persisted after dosing was terminated.
Infants exposed in utero to 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD) initiated more
play, retreated less frequently, and were dis-
placed less often from preferred positions in the
playroom (Schantz et al., 1992). TCDD-ex-
posed monkeys also displayed increased levels
of self-directed behaviors.

Several learning and memory assessments
have been developed for older infant, juvenile,
and adult nonhuman primates. Tests have been
designed to study both spatial and nonspatial
memory, using simple and complex learning
paradigms—e.g., discrimination, alternation,
reversal, and concept learning (matching and
nonmatching to sample). Computer-controlled
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presentation of test stimuli allows the opportu-
nity to test both monkeys and children on iden-
tical measures of cognition. Studies using these
procedures have also been used to investigate
the effects of in utero cocaine exposure on
learning in rhesus monkeys (Morris et al.,
1996b). Rice and associates have had one of the
most productive neurobehavioral toxicology
programs using nonhuman primate models to
study caffeine, lead, PCBs, and methylmercury.
Results from their research program described
learning deficits on several test procedures in
monkeys exposed to lead during development
(Rice, 1996). The performance of the lead-ex-
posed monkeys was characterized by an inabil-
ity to attend to relevant cues and to keep pace with
changing environmental contingencies. These
effects are similar to those observed in children
exposed to lead (e.g., attention deficits).

The assessment of sensory functioning is a
frequently overlooked area in neurobehavioral
toxicology studies. Sensory tests not only are
valuable tools in evaluating toxicant-related
brain injury but also provide a measure of
neurotoxicity that is relatively unencumbered
by psychological variables, such as learning
ability. Vision is probably the best studied of all
sensory systems and is certainly the dominant
sense in both human and nonhuman primates.
Tests of this nature typically involve assess-
ment of visual acuity and contrast sensitivity
and are based on a signal-detection paradigm.
Monkeys exposed to chronic low levels of
methylmercury from birth exhibited impaired
spatial vision relative to controls under condi-
tions of both high and low luminance (Rice and
Gilbert, 1982). Studies indicate that in utero
exposure to methylmercury also impairs spatial
vision in adulthood (Burbacher et al., 1999).
Auditory and somatosensory functioning were
also evaluated using the signal-detection para-
digm. Auditory detection thresholds were stud-
ied in monkeys who were exposed to methyl-
mercury during their first 7 years of life (Rice
and Gilbert, 1992). Results showed a selective
high-frequency hearing loss in treated animals.
Somatosensory function was also evaluated in
monkeys exposed to methylmercury or lead
(Rice and Gilbert, 1995). Animals exposed to
methylmercury demonstrated elevated vibra-
tion detection thresholds on this procedure,
whereas results from the lead-treated monkeys
were somewhat equivocal.

IMMUNOTOXICOLOGY
Studies of the anatomy and function of the
immune system of nonhuman primates re-
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ported many similarities to that of humans
(Bleavins and de laIglesia, 1995). Using mono-
clonal antibodies raised against human anti-
gens, researchers noted extensive cross-reac-
tivities in several nonhuman primate species,
including macaques (Tryphonas et al., 1996).
For example, a study by Ozwara et al. (1997)
examined the reactivity of 161 antihuman
monoclonal antibodies in chimpanzees, rhesus
macaques, and squirrel monkeys. Antibodies
directed against T cell surface antigens and
against cytokine receptors were examined for
their reactivity with peripheral blood mononu-
clear cells. The results of the study indicated
that 38 of 161 monoclonal antibodies reacted
in all three nonhuman primate species; 112
monoclonal antibodies reacted in one or two of
the species. Chimpanzees showed the highest
cross-reactivity (65%), followed by rhesus ma-
caques (45%) and squirrel monkeys (42%).
Tryphomas et al. (1996) reported extensive
cross-reactivities with antihuman monoclonal
antibodies in M. fascicularis infants. Animpor-
tant finding in this study was the reported sex
differences in the levels of CD4 monoclonal
antibodies and for the CD4/CDS ratio (females
> males), a sex difference similar to that ob-
served in humans. Bleavins and de la Iglesia
(1995) reported the results of a study aimed at
developing a delayed-type hypersensitivity
procedure using crab-eating macaques (M. fas-
cicularis). Delayed-type hypersensitivity was
measured using the human multitest cell-medi-
ated immunity (CMI) skin test, which includes
seven antigens. Responses to the skin tests
paralleled those observed in humans. The
authors proposed the use of this delayed-type
hypersensitivity procedure in M. fascicularis
for preclinical safety testing.

A number of sensitive methods are available
for evaluating the effects of compounds on the
immune systems of humans and animals. In a
series of articles, Luster et al. (1993) described
a screening battery for evaluating the potential
immunotoxicity of compounds in mice. Five
parameters were included in the battery (immu-
nopathology, humoral-mediated immunity,
CMI, nonspecific immunity, and host resis-
tance challenge) in a two-tier approach. Studies
using nonhuman primate models of immune
system toxicity have included assessments of
these parameters. For example, Tryphomas
(1995) published a series of reports describing
the effects of PCB exposure on the immune
system of adult rhesus macaques. The results
of the study indicated that low-level chronic (55
months) exposure to PCBs (Aroclor 1254) was
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associated with changes in several immu-
nological parameters in the rhesus macaque
(Table 1.1.1). These changes were most likely
the result of altered T cell and/or macrophage
function.

Pig-tailed macaques (M. nemestrina) have
been used to study the immune effects associ-
ated with fetal alcohol exposure (Grossmann et
al., 1993). Monkeys exposed to ethanol in utero
were more susceptible to disease and exhibited
reduced T lymphocyte proliferation and lower
titers to tetanus toxoid than did nonexposed
controls. The reduction in T cell proliferation
was consistent with reports from studies of
children with fetal alcohol syndrome (FAS)
and rodent models of prenatal alcohol expo-
sure. The authors noted that several of the
effects seemed sex dependent and cautioned
investigators about the need to control for sex
in nonhuman primate studies of immune sys-
tem effects.

RESPIRATORY TOXICOLOGY
Reports of cross-species comparisons of the

anatomy and physiology of the respiratory sys-

tem and the rates of deposition, clearance, and

retention of inhaled particles have described
many similarities between nonhuman primates
and humans (Snipes, 1989, 1996; Nikula et al.,
1997). For example, humans and nonhuman
primates clear particles from the alveolar region
more slowly, have larger alveoli and alveolar
ducts, and have more complex acini than do
rodents. Nonhuman primate models have been
used extensively in studies of dust-induced pul-
monary lesions (Snipes, 1996). In rats, chronic
inhalation of poorly soluble dusts causes “lung
overload,” which can result in altered pulmo-
nary clearance and pulmonary fibrosis. Hu-
mans and nonhuman primates exhibit a differ-
ent pattern of dust accumulation in the lungs
after chronic exposure. Whereas rats show fast
pulmonary clearance of dust and retain dust
predominantly in macrophages within the alve-
oli, human and nonhuman primates exhibit a
slower pulmonary clearance of dust and retain
dustburdens in the pulmonary interstitium. The
rat pattern of dust accumulation may be related
to the increased susceptibility of this animal to
alterations in pulmonary clearance after
chronic dust exposure compared to nonhuman
primates. The rodent animal model may not

Table 1.1.1 Immunological Parameters Assessed
in PCB-Exposed Rhesus Monkeys®”

Parameter Result¢
Cell-mediated immunity

Lymphocyte proliferation D
Host-resistance challenge

Pneumococcus titers N
Nonspecific immunity

Serum complement (CHsy) I
Natural killer cells I
Serum thymosin I
Monocyte activation D
Total interferon 14
Interleukin D
Tumor necrosis factor N
Humoral-mediated immunity

CD2, CD4, CD8, CD20 Ne¢
IgM and IgG titers D

“Summarized from Tryphonas (1995).
bSerum hydrocortisone levels were normal in all exposure

groups.

‘I = increased, N = normal, D = decreased.

dSignificant increase in low and high groups; significant

decrease in moderate group.

¢Significant decrease in percent of total T lymphocytes

(CD2).
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provide data relevant to the risk of pulmonary
disease after chronic dust exposure in humans.

In addition to dust particles, respiratory ef-
fects have been described in nonhuman primate
models after exposure to diesel exhaust (Nikula
et al., 1997), ozone (Dimitriadis, 1993), mari-
juana smoke (Flifeil et al., 1991), and different
forms of beryllium (Haley et al., 1994).

CLINICAL CARCINOGENESIS

In 1961, the National Cancer Institute began
a program aimed at examining the susceptibil-
ity of nonhuman primates to chemicals that
were known to cause tumors in rodents. Since
then, the long-term carcinogenic activity of
several therapeutic agents, food additives and
compounds, environmental contaminants, N-
nitroso compounds, and model rodent carcino-
gens have been evaluated. In addition, valuable
data have been collected regarding the inci-
dence of spontaneous tumors in several nonhu-
man primate species. Thorgeirsson et al. (1994)
reported that the spontaneous tumor rate over
a 32-year period for 181 rhesus monkeys was
2.8% for malignant tumors and 3.9% for benign
tumors. For 130 crab-eating macaques and 62
African green monkeys, the corresponding
rates were 1.5% and 0.8% and 8% and 0%,
respectively.

Continuous dosing studies with the artifi-
cial sweeteners (cyclamate or saccharin) over
a 22-year period provided no evidence of car-
cinogenic effects. Fungal food contaminants
such as aflatoxin Bl and sterigmatocystin,
however, were found to be potent hepatocar-
cinogens. 2-Amino-3-methylimidazo[4,5-
flquinoline (IQ), an imidazole heterocyclic
amine (HCA) present in cooked meat, was also
found to be a potent hepatocarcinogen, induc-
ing malignant liver tumors in 65% of monkeys
tested during a 7-year dosing period. Snyder-
wine et al. (1997) reported that IQ is activated
in monkeys via N-hydroxylation carried out
by cytochrome P-450 CYP3A4 and/or
CYP2C9/10. Human hepatic microsomes
have been shown to have a greater capacity to
activate HCAs compared to rodents and non-
human primates. Current estimates of the daily
intake of HCAs are on the order of 1 to 20
mg/person. Based on animal data, the esti-
mates of the cancer risk to humans associated
with this intake of HCAs are 1073 to 1074,

Nonhuman primate models have also been
used to examine the uptake and metabolic char-
acteristics of suspected carcinogens when dif-
ferent susceptibilities are observed in rodent
models. For example, studies indicated that
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mice are much more sensitive than rats to the
carcinogenic effects of 1,3-butadiene and ben-
zene (Henderson, 1996a,b). Studies using crab-
eating macaques reported a low uptake of 1,3-
butadiene after inhalation exposure. Concen-
trations of butadiene metabolites in the blood
were 5 to 50 times lower in monkeys than in
mice and 4 to 14 times lower than in rats.
Studies of benzene also reported species differ-
ences in metabolism after inhalation exposure.
Mice metabolize a greater fraction of a given
dose of benzene than do rats and nonhuman
primates. Mice also exhibit higher urinary con-
centrations of hydroquinone and its conjugates.
Both rats and mice metabolize a higher fraction
of benzene to ring-breakage metabolites than
do nonhuman primates, as indicated by the
levels of muconic acid in urine. Ring-breakage
metabolites and hydroquinone have both been
implicated in benzene carcinogenesis.

SUMMARY

This unit describes several important uses
of nonhuman primate models in toxicological
research. The examples provided are by no
means exhaustive. Nonhuman primates con-
tinue to be used in studies of drug metabolism
and of the toxicokinetics of environmental pol-
lutants. Monkeys are also likely to be used more
as new biotechnology products are discovered.
In all of these areas of research, monkeys rep-
resent a unique resource, given the close evo-
lutionary history they share with humans. The
decision to use nonhuman primate models
should always be made after careful considera-
tion of all other alternatives. When nonhuman
primate models are deemed necessary, re-
searchers bear a special responsibility to ensure
that procedures to minimize pain and discom-
fort are used and that proper environmental
enrichment programs are in place (Bloomsmith
etal., 1991).
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Statistical Approaches to the Design of

Toxicology Studies

Statistical methods provide an essential tool
set for use across the field of toxicology. These
methods may serve to perform any combination
of three possible tasks. The most familiar is
hypothesis testing—i.e., determining if two (or
more) groups of data differ from each other at
a predetermined level of confidence. The sec-
ond function involves the construction and use
of models, which is most commonly linear
regression or the derivation of some form of
correlation coefficient. Model fitting allows
researchers to relate one variable (typically a
treatment, orindependent, variable) with other
variables (usually one or more effects of de-
pendent variables). The third function, reduc-
tion of dimensionality, is less commonly used
than the first two and includes methods for
reducing the number of variables in a system
while only minimally reducing the amount of
information, therefore making a problem easier
to visualize and understand. Examples of such
techniques are factor analysis and cluster analy-
sis. A subset of the third function, discussed
under Descriptive Statistics, is the reduction of
raw data to single expressions of central ten-
dency and variability (such as the mean and
standard deviation). There is also a special
subset (data transformation, which includes
such things as the conversion of numbers to log

or probit values) that is part of both the second
and third functions of statistics. Figures 1.2.1,
1.2.2,1.2.3, and 1.2.4 present a series of deci-
sion trees for selecting individual statistical
techniques within the framework of the classi-
fication of methodologies.

This unit presents an overview of statistics.
Gad (1998) presents a much more extensive
discussion. Salsburg (1986) and Krewski and
Franklin (1991) have also published works de-
voted to the field of statistical analysis in toxi-
cology; and although these are more narrow in
scope, they provide useful insights.

DESCRIPTIVE STATISTICS

Descriptive statistics is a fundamental start-
ing place, used to convey the general nature of
any set of collected data. The statistics describ-
ing any single group of data have two compo-
nents. One of these describes the location of the
data, and the other gives a measure of the
dispersion of the data in and about this location.
A fact thatis often overlooked is that the choice
of what parameters are used to convey these
pieces of information implies a particular na-
ture for the distribution of the data.

Most commonly, for example, location is
described by giving the (arithmetic) mean, and
dispersion is described by giving the standard

@hat is objective of analysisa

To be able to predict To sort out which
effects/actions of agents? variables are important?
lYES YES YES
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go to Figure 1.2.3

To determine if
there are differences
between groups of data?
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Figure 1.2.2

Figure 1.2.1 Overall decision tree for selecting statistical procedures. See Gad (1998) for an
explanation of the statistical methods.
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deviation (SD) or the standard error of the mean
(SEM). For continuous variables, the character
of a sample (x) may be described using the
measures of central tendency and dispersion
with which researchers are generally most fa-
miliar: the mean, denoted by the symbol X and
also called the arithmetic average, is calculated
by adding up all the values in a group then
dividing by N (or n), the number of data points
in a group. The SD is denoted by the symbol s
for samples and ¢ for populations; in the former
case it is calculated as

where X is the individual datum. If the total
number of data in the group is N, then the SEM
is calculated as

SEM=S—D

JN

The use of these parameters (the mean with
either the SD or SEM) to describe a group
implies, however, that there is reason to believe
that the data being summarized are from a
population that is at least approximately nor-
mally distributed. If this is not the case, then
the researcher should instead use a set of terms
that do not have such a rigid underpinning:
commonly, the median for location and the
semiquartile distance for dispersion.

When all the numbers in a group are ar-
ranged in a ranked order (i.e., from smallest to
largest), the median is the middle value. If there
is an odd number of values in a group, then the
middle value is obvious (e.g., in the case of 13
values, the seventh largest is the median). When
the number of values in the sample is even, the
median is calculated as the midpoint between
the (N/2)th and the ([N/2] + 1)th number. For
example, the series of numbers 7, 12, 13, 19,
the median value would be the midpoint be-
tween 12 and 13, which is 12.5.

EXPERIMENTAL DESIGN

A priori selection of statistical methodology
(as opposed to the post hoc, or after the fact,
approach) is as significant a portion of the
process of protocol development and experi-
mental design as any other and can measurably
enhance the value of the study. The prior selec-
tion of statistical methodology is essential for
the effective detailing of other parts of the
protocol, such as the number of animals per

group and the sampling intervals for body
weight. To make such a selection, the toxicolo-
gist must have both an in-depth knowledge of
the area of investigation and an understanding
of the general principles of experimental de-
sign, because the analysis of any set of data is
dictated to alarge extent by the manner in which
the data are obtained.

The four statistical principles of experimen-
tal design are replication, randomization, con-
current (“local”) control, and balance.

Replication. Any treatment must be applied
to more than one experimental unit (animal,
plate of cells, etc.) to allow an estimate of the
variability of the unit. This provides more ac-
curacy in the measurement of a response than
can be obtained from a single observation,
because underlying experimental errors tend to
cancel each other out. It also supplies an esti-
mate of the experimental error derived from the
variability among all the measurements taken
(replicates).

Randomization. This is practiced to ensure
that every treatment will have its fair share of
extreme high and extreme low values and al-
lows the toxicologist to proceed as if the as-
sumption of “independence” were valid. That
is, there is no avoidable/known systematic bias
in how one obtains data.

Concurrent control. Comparisons be-
tween treatments should be made, to the maxi-
mum extent possible, between experimental
units from the same group. Thatis, animals used
as a control group should come from the same
source and lot as the test-group animals. And,
except for the treatment being evaluated, test
and control samples should be maintained and
handled in exactly the same manner.

Balance. If the effect of several different
factors is being evaluated simultaneously, the
experiment should be laid out in such a way
that the contributions of the different factors
can be separately distinguished and estimated.

The goal of all these principles is good
statistical efficiency and the economizing of
resources. Montgomery (1997) provides a
comprehensive review of the area of experi-
mental design.

The first precise or calculable aspect of ex-
perimental design encountered is determining
sufficient test- and control-group sizes to allow
one to have an adequate level of confidence in
the results of a study (i.e., in the ability of the
study design with the statistical tests used to
detect a true difference, or effect, when it is
present). The statistical test contributes a level
of power to such a detection. The power of a
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statistical testis the probability that a test results
in rejection of the null hypothesis, Hy, when
some other hypothesis, H, is valid. This is
termed the power of the test “with respect to
the (alternative) hypothesis H.”

If there is a set of possible alternative hy-
potheses, the power, regarded as a function of
H, is termed the power function of the test.
When the alternatives are indexed by a single
parameter I1, simple graphical presentation is
possible. If the parameter is a vector I'l, one can
visualize a power surface.

If the power function is denoted by O(IT) and
H, specifies IT = Iy, then the value of O(IT)—
the probability of rejecting Hy when it is in fact
valid—is the significance level. A test’s power
is greatest when the probability of a type II
error, or the probability of having a false-nega-
tive result (whereas a type I error refers to a
false-positive result), is the least. Specified
powers can be calculated for tests in any spe-
cific or general situation.

Some general rules to keep in mind are

1. The more stringent the significance level,
the greater the necessary sample size. More
subjects are needed for a 1% level test than for
a 5% level test.

2. Two-tailed tests require larger sample
sizes than do one-tailed tests. Assessing two
directions at the same time requires a greater
investment in resources.

3. The smaller the critical effect size, the
larger the necessary sample size. Subtle effects
require greater efforts (i.e., larger sample sizes).

4. Any difference can be significant if the
sample size is large enough.

5. The larger the power required, the larger
the necessary sample size. Greater protection
from failure requires greater effort (more pre-
cision or larger sample size). The smaller the
sample size, the smaller the power—i.e., the
greater the chance of failure.

6. The requirements and means of calculat-
ing necessary sample size depends on the de-
sired (or practical) comparative sizes of test and
control groups.

This number (N), or the necessary sample
size, can be calculated by using the following
formula:

2
(h+1)"
—
d
where ?, is the one-tailed t-value with N — 1
degrees of freedom (df) corresponding to the

desired confidence level; 7, is the one-tailed
t-value with N — 1 df corresponding to the

N =
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probability that the sample size will be ade-
quate to achieve the desired precision; s is the
sample standard deviation, typically derived
from historical data and calculated as follows
(with v being the variable of interest):

§= ;2(01 _02)2

N-1

and d is the acceptable range of variation in the
variable of interest. This calculation is illus-
trated in Example 1.

Example 1

In a subchronic dermal study in rabbits, the
principal point of concern is the extent to which
the compound causes oxidative damage to
erythrocytes. To quantitate this, the laboratory
will measure the numbers of reticulocytes in
the blood. What then would be an adequate
sample size to allow the question at hand to be
addressed with reasonable certitude?

To determine this, use the one-tailed #-value
for an infinite number of degrees of freedom at
the 95% confidence level (i.e., P <0.05). A set
of #-tables shows this number to be 1.645. From
prior experience, it is known that the usual
values for reticulocytes in rabbit blood are from
0.5 to 1.9 x10%ml. The acceptable range of
variation, zero, is therefore equal to the span of
this range, or 1.4 (d). Likewise, an examination
of the control data from previous rabbit studies
shows that the sample standard deviation is
0.825 (s). When all these numbers are inserted
into the equation for sample size (presented
above), the required sample size (N) is calcu-
lated to be

2
1645 + 1645
_ {1645+ 1645 (0.825)*

(14)°
10.824

2
—(0.825
1.96 ( )

= 4.556

In other words, in this case, in which there
is little natural variability, measuring the reticu-
locyte counts of groups of only five animals
each should be sufficient.

A good approximation can be generated by
substituting #-values for an infinite number of
degrees of freedom.

OUTLIERS AND ROUNDING OF
NUMBERS

Outliers are extreme (high or low) values
that are widely divergent from the main body
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of a group of data and from what is the common
experience. They may arise from an instrument
(such as a balance) being faulty, they may be
caused by the seemingly natural urge of some
animals to frustrate research, or they may be
indicative of a “real” value. Outlying values can
be detected by visual inspection of the data; by
use of a scattergram (discussed later); or (if the
data set is small enough, which is usually the
case in toxicology) by a large increase in the
parameter estimating the dispersion of data,
such as the standard deviation.

When it is possible to solidly tie one of the
above error-producing processes (such as a
balance being faulty) to an outlier, it can be
safely deleted from consideration. But if it is
not possible to positively attribute such a cause
to an outlier (even if the researcher has strong
suspicions), the problem is much more compli-
cated, for then such a value may be one of
several other things. It could be a result of a
particular cause that is the grounds for the entire
study—i.e., the very “effect” that is being
sought—or it could be because of the collection
of legitimate effects that constitute sample er-
ror. As will be discussed later (see Charac-
teristics of Screens) and as is now becoming
more widely appreciated, in animal studies out-
liers can be an indication of a biologically
significant effect that is not yet statistically
significant. Variance inflation can result from
such outliers and can be used to detect them.
Outliers, in fact, by increasing the variability
within a sample, decrease the sensitivity of the
statistical tests and may actually preclude a
statistically significant result.

Alternatively, the outlier may be the result
of an unobserved technician error. In this case
the data point should be rejected—excluded
from consideration with the rest of the data.
Identifying legitimate cases (based on techni-
cal—i.e., actual technique-based measure-
ment—error) for rejection from statistical
analysis is the most complicated aspect of out-
lier issues.

When the number of digits in a number is to
be reduced (because of limitations of space or
to reflect the extent of significance of a num-
ber), it is necessary to round it off. Failure to
have a rule for performing this operation can
lead to both confusion and embarrassment for
a facility (during such times as study audits).
One common rule follows.

A digit to be rounded is not changed if it is
followed by a digit <5—the digits following it
are simply dropped off (truncated). If the num-
ber is followed by a digit >5 or by a 5 followed

by other nonzero digits, it is increased to the
next highest number. When the digit to be
rounded is followed by 5 alone or 5 followed
by zeros, it is unchanged if it is even but in-
creased by one if it is odd. Examples of this rule
foracase in which the numbers mustbe reduced
to 3 digits follows:

1374 becomes 137

1376 becomes 138

13852 becomes 139.

The rationale behind this procedure is that
over a period of time the results should even
out, because as many digits will be increased
as are decreased.

METHODS

The brevity of this unit enforces a focus on
applications at the expense of methodology. In
addition to Gad (1998), the reader is urged to
consult Sheskin (1997) for detailed presenta-
tions and considerations of actual statistical
methodologies.

Randomization

Randomizationis the act of assigning anum-
ber of items (e.g., plates of bacteria or test
animals) to groups in such a manner that there
is an equal chance for any one item to end up
in any one group. This is a control against any
possible unconscious bias in assignment of
subjects to test groups. One variation on this is
what is called a censored randomization,
which ensures that the groups are equivalent in
some aspect after the assignment process is
complete. The most common example of a
censored randomization is one in which it is
ensured that the body weights of the test ani-
mals in each group are not significantly differ-
ent from those in the other groups. This is done
by examining weights by analysis of variance
after group assignment, then rerandomizing if
there is a significant difference at some nominal
level, such as P <(.10. The process is repeated
until there is no difference. A second valuation
is stratified (or blocked) randomization, by
which members of subclasses (such as litter
mates) are assigned to different groups.

There are several alternatives for actually
performing the randomization process. The
three most commonly employed are card as-
signment, use of a random number table, and
use of a computerized algorithm.

In the card-based method, individual iden-
tification numbers for items (e.g., plates or
animals) are placed on separate index cards.
These cards are then shuffled and placed one at
atime in succession into piles corresponding to
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the required number of test groups. The results
are the random group assignment.

The random number table method requires
that one assign unique numbers to the test
subjects and have access to a random number
table. For example, one may simply set up a
table with a column for each group to which
subjects are to be assigned. Start from the head
of any one column of numbers in the random
number table (each time the table is used, a new
starting point should be used). If there are fewer
than 100 test subjects, use only the last two
digits of each random number in the table. If
there are more than 99 but less than 1000, use
only the last three digits. To generate group
assignments, read down a column of the table,
one number at a time. As you come across digits
that correspond to a subject number, assign that
subject to a group (enter its identifying number
in a column), proceeding from left to right and
filling one row at a time. After an animal is
assigned to a group, any duplication of its
unique number is ignored. Use as many succes-
sive columns of random numbers as needed to
complete the process.

The third (and now most common) method
is to use a random-number generator that is
built into a calculator or computer program.
Instructions for the use of such programs are
provided by the manufacturer or developer.

One is also occasionally required to evaluate
whether a series of numbers (such as an assign-
ment of animals to test groups) is random. This
requires the use of a randomization test, of
which there are a large variety. The y? test
(described later), can be used to evaluate the
goodness of fit to a random assignment. If the
resultis notcritical, a simple sign test will work.
For the sign test, first determine the middle
value in the numbers being checked for ran-
domness. Then go through a list of the numbers
assigned to each group, scoring each as a “+”
(greater than the middle number) or “-" (less
than the middle number). The number of pluses
and minuses in each group should be approxi-
mately equal.

APPLICATIONS

Median Lethalities

The data required to calculate the median
lethality (LDs5gy) or the median effective dose
(EDsg) include several dosage (or exposure)
levels, the number of animals dosed, and the
number that died. If the purpose is only to
establish the median effective dose in a range-
finding test, then testing four or five animals
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per dose level, using Thompson’s method of
moving averages, is the most efficient method-
ology and will give a sufficiently accurate so-
lution. With two dose levels, if the ratio between
the high and low dose is <2, even total and no
mortality at those two dose levels will yield an
acceptable, accurate median lethal dose, al-
though a partial mortality is desirable. If, how-
ever, the purpose is to estimate a number of
toxicity levels (LD, LDgg) and to establish the
slope of the dose/lethality curve more precisely,
it is common to use at least 10 animals per
dosage level and to employ the log/probit re-
gression technique. Note that in the equation Y;
= a + bx;, b is the slope of the regression line
and that the method already allows one to
calculate 95% confidence intervals about any
point in this line. Tests of significance between
two or more such sets of data (i.e., slopes of
mortality curves) may readily be done by the
t-type test (discussed earlier) at any one set of
points, such as the LDs, values of two curves.
The confidence interval at any one point will
be different from the interval at other points and
must be calculated separately. In addition, the
nature of the probit transform is such that to-
ward the extremes—LD;y and LDy, for exam-
ple—the confidence intervals will “balloon,”
i.e., become very wide. Because the slope of
the fitted line in these assays has a large uncer-
tainty in relation to the uncertainty of the LDs,
itself (the midpoint of the distribution), much
caution must be used with calculated LD, val-
ues other than LDs, values.

Body and Organ Weights

Body weight and the weights of selected
organs are among the sets of data normally
collected in studies for which animals are re-
peatedly dosed with (or exposed to) a chemical.
Body weight is frequently the most sensitive
parameter for indicating an adverse effect. How
to best analyze this and in what form to analyze
the organ weight data (as absolute weights,
weight changes, or percentages of body weight)
have been the subjects of a number of articles
(Weil and Gad, 1980). The author’s experience
has been that the following procedures are ap-
propriate if the sample sizes are sufficient
(=10). With smaller sample sizes, the normality
of the data becomes increasingly uncertain and
nonparametric methods, such as that of Kruskal-
Wallis, may be more appropriate (Zar, 1974).

1. Organ weights as percentages of total
body weights are calculated.

2. Body weights are analyzed either as
weights or as changes in body weight. Even if
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Table 1.2.1 Association of Changes in Biochemical Parameters with Actions at Particular Target Organs

Parameter 1

Organ system

Blood Heart Lung Kidney Liver

Comments

Bone Intestine Pancreas

Albumin — — — Dec. Dec. — — — Produced by liver; very
significant reductions require
extensive liver damage
ALP — — — — Inc. Inc. Inc. — Elevations usually associated with
cholestasis; bone alkaline
phosphatase tends to be higher in
young animals
Total Inc. — — — Inc. — — — Elevations usually associated with
bilirubin cholestasis owing to obstruction
or hepatopathy
BUN — — — Inc. Dec. — — — Estimates blood filtering capacity
of the kidneys; does not become
significantly elevated until kidney
function is reduced 60% to 75%
Calcium — — — Inc. — — — — Can be life-threatening and result
in sudden death
Cholinesterase — — — Inc. Dec. — — — Found in plasma, brain, and RBC
CPK —  Inc. — — — — — — Most often elevated as a result of
skeletal muscle damage but can
also be produced by cardiac
muscle damage; can be more
sensitive than histopathology
Creatinine — — — Inc. — — — — Also estimates blood-filtering
capacity of kidney, as does BUN,
but is more specific
continued
the groups were randomized properly at the variance, ANOVA); however, it can be shown
beginning of a study (no group significantly that this is not the best approach on a number
different in mean body weight from any other of grounds.
group, and all animals in all groups within two First, such biochemical and blood cell pa-
standard deviations of the overall mean body rameters are rarely independent of each other,
weight), there is an advantage to using the and interest is not often focused on just one
computationally slightly more cumbersome parameter. Rather, there are batteries of pa-
changes in body weight. rameters associated with toxic actions at par-
3. Bartlett’s test is performed on each setof ~  ticular target organs. For example, increases in
data to ensure that the variances of the sets are creatine phosphokinase, o-hydroxybutyrate
homogeneous. dehydrogenase, and lactate dehydrogenase oc-
4. As appropriate, the sequence of analysis curring together strongly indicate myocardial
outlined in the decision trees (see Figs. 1.2.1, damage. In such cases, the interest is not in a
1.2.2,1.2.3, and 1.2.4) is followed. significant increase in just one of these, but in
all three. Table 1.2.1 gives a short summary of
Clinical Pathology the association of various clinical chemistry
A number of clinical chemistry and hema- parameters with known target organ toxicities.
tology parameters are now assessed in the blood Similarly, changes in serum electrolytes (so-
and urine collected from animals in chronic dium, potassium, and calcium) interact with
toxicity studies. In the past (and still, in some each other; a decrease in one is frequently tied
Statistical places), the accepted practice has been to evalu- to an increase in one of the others. Loeb and
Approaclll)eessgntl;? ate these data using univariant-parametric ~ Quimby (1989) provide an excellent source of
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methods (primarily #-tests and/or analysis of

detailed understanding of the meaning and de-
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Table 1.2.1 Association of Changes in Biochemical Parameters with Actions at Particular Target Organs, continued

Organ system

Parameter 1
Blood Heart Lung Kidney

Liver

Bone Intestine Pancreas

Comments

Glucose — — — —

GGT - - = =

HBDH — Inc. — —
LDH — Inc. Inc. Inc.

Total protein ~ — — — Dec.

SGOT — Inc. — Inc.

SGPT — — — —

SDH - - = =

Inc.

Inc.
Inc.

Dec.

Inc.

Inc.

Inc. or
Dec.

Inc.

Inc.

Alterations other than those
associated with stress are
uncommon and reflect an effect
on the pancreatic islets or anorexia
Elevated in cholestasis; a
microsomal enzyme, the levels of
which often increase in response
to microsomal enzyme induction

Increases usually the result of
skeletal muscle, cardiac muscle,
and liver damage; not very specific
Absolute alterations are usually
associated with decreased
production (liver) or increased
loss (kidney); can see increases in
cases of muscle “wasting”
(catabolism)

Present in skeletal muscle and
heart; most commonly associated
with damage to these structures
Elevations usually associated with
hepatic damage or disease

Liver enzyme; can be quite
sensitive but is fairly unstable;
samples should be processed as
soon as possible

Abbreviations: Inc., increase of chemistry values; Dec., decrease in chemistry values; ALP, alkaline phosphatase; BUN, blood urea
nitrogen; RBC, red blood cells; CPK, creatinine phosphokinase; GGT, gamma glutamyl transferase; HBDH, hydroxybutyric dehydro-
genase; LDH, lactic dehydrogenase; SGOT, serum glutamic oxaloacetic transaminase (also called aspartate aminotransferase; AST);
SGPT, serum glutamic pyruvic transaminase (also called alanine amino transferase; ALT); SDH, sorbitol dehydrogenase.

tails of laboratory animal clinical chemistries.
Furthermore, for some parameters—owing to
their biological background or the measure-
ment method—the data are frequently either
not normally distributed (particularly because
of being markedly skewed) or not continuous.
This can be seen in some of the reference data
for experimental animals in Weil (1982). Both
normality (a normal distribution) and continu-
ous data are underlying assumptions in the
parametric statistical techniques most com-
monly used and described in this unit.

Finally, it should always be keptin mind that
it is rare for a change in any single parameter
to be biologically significant. Rather, because
parameters are so interrelated, patterns of
changes in parameters should be expected and
analyzed.
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Incidence of Histopathologic Lesion

In recent years, there has been as increasing
emphasis on histopathologic examination of
many tissues collected from animals in sub-
chronic and chronic toxicity studies. Although
it is not true that only those lesions that occur
at a statistically significant increased rate in
treated/exposed animals are of concern (be-
cause there are cases in which a lesion may be
of such a rare type that the occurrence of only
one or a few such treated animals raises a flag),
it is true that, in most cases, a statistical evalu-
ation is the only way to determine if what is
seen in treated animals is significantly worse
than what is seen in control animals. And al-
though cancer is not the only concern, among
the possible classes of lesion it is the one that
is of greatest interest.
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Typically, comparison of incidences of any
one type of lesion between controls and treated
animals are made using )2 or Fisher’s exact test
with a modification of the denominators. Too
often, experimenters exclude from considera-
tion all those animals (in both groups) that died
before the first animals were found with a tumor
at that site.

Two major controversial questions are in-
volved in such comparisons: should they be
based on one-tailed or two-tailed distribution,
and what are the effects and implications of
multiple comparisons?

The one- versus two-tailed distribution con-
troversy revolves around the question of which
hypothesis is being properly tested in a study
such as a chronic carcinogenicity study. Is the
tumor incidence different between the control
and treated groups? In such cases, the hypothe-
sis is bidirectional and therefore a two-tailed
distribution is being tested against. Or is the
question whether the tumor incidence is greater
in the treated group than in the control group?
In the latter case, the hypothesis is unidirec-
tional, and only the right-hand tail of the distri-
bution is under consideration. The implications
of the answer to this question are more than
theoretical; significance is much greater (ex-
actly double, in fact) in the one-tailed case than
in the two-tailed. For example, a set of data
analyzed by Fisher’s exact test, which would
have a two-tailed P level of 0.098 and a one-
tailed level of 0.049, would be flagged as sig-
nificantly different.

The multiple comparisons problem is a
much more lively one. In chronic studies, the
lesion/tumor incidence on each of a number of
tissues, for each sex and species, is tested, and
each result is flagged if it exceeds the fiducial
limit of P > 0.05.

The point to ponder here is the meaning of
“P = 0.05.” This is the level of the probability
of making atype I error (incorrectly concluding
that there is an effect when, in fact, there is not).
It is necessary to accept the fact that there is a
5% chance of producing a false positive from
this study. The tradeoff is a much lower chance
(typically 1%) of a type Il error (i.e., of passing
as safe a compound that is not safe). These two
error levels are connected; to achieve a lower
type II level inflates the type I level. The prob-
lem in this case is that making a large number
of such comparisons involves repeatedly tak-
ing the chance of “finding” a false-positive
result. The set of lesions and/or tumor com-
parisons described above may number >70
tests for significance in a single study, which

will result in a large inflation of false-positive
findings.

The extent of this inflated false-positive rate
(and what can best be done to reduce its effects)
has been discussed and estimated with a great
degree of variability. Salsburg (1977) estimated
that the typical National Cancer Institute
(NCI)-type cancer bioassay has a probability
of type I error of between 20% and 50%. Fears
et al. (1977), however, estimated it as being
between 6% and 24%. Without some form of
correction factor, the false-positive rate of a
series of multiple tests can be calculated as
being equal to 1 —0.95", where N is the number
of tests and the selected alpha level (type I error
rate) is 0.05.

What, then, is a proper use of such results?
Or, conversely, how can the researcher control
for such an inflated error rate? There are statis-
tical methods available for dealing with this
multiple comparisons problem. One is the use
of Bonferroni inequalities to correct for succes-
sive multiple comparisons (Wilks, 1962).
These methods have the drawback that there is
some accompanying loss of power, expressed
as an inability to identify true positives prop-
erly.

A second approach is to use the information
in a more mature decision-making process.
First, the historical control incidence rates
(such as are given for the B6C3FI mouse and
Fischer-344 rats in Fears et al., 1977) should be
considered; some background incidences are so
high that these tissues are null and void for
making decisions. Second, one should not look
for just a single significant incidence in a tissue
but rather for a trend. For example, the follow-
ing percentages of a liver tumor incidence were
found for the female rats of a study: (a) control,
3%; (b) 10 mg/kg, 6%; (c) 50 mg/kg, 17%; and
(d) 250 mg/kg, 54%. In this study only the
incidence at the 250-mg/kg level might be sta-
tistically significant; however, the trend
through the levels suggests a dose response.
Looking for such a trend is an essential step in
a scientific assessment of the results; and one
of the available trend analysis techniques
should be used.

Reproductive Toxicology

Reproductive implications of the toxic ef-
fects of chemicals have become increasingly
important. Along with other types of studies
that are closely related (such as teratogenesis
and dominant lethal mutagenesis), reproduc-
tion studies are now common companions to
chronic toxicity studies.
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One point that must be keep in mind with
all the reproduction-related studies is the nature
of the appropriate sampling unit. Put another
way: What is the appropriate N in such a
study—the number of individual pups or the
number of litters (or pregnant females)? Fortu-
nately, it is now fairly well accepted that the
first case (using the number of offspring as the
N) is inappropriate (Weil, 1970). The real ef-
fects in such studies are actually occurring in
the female that receives the dosage or exposure
to the chemical or that is mated to a male that
received a dosage or exposure. What happens
to her, and to the development of the litter she
is carrying, is biologically independent of what
happens to every other female/litter in the study.
This cannot be said for each offspring in each
litter; the death of, or other change in, one
member of a litter can and will be related to
what happens to every other member in numer-
ous fashions. Or the effect on all the offspring
might be similar for all those from one female
and different or lacking in another.

As defined by Oser and Oser (1956), there
are four primary variables of interest in a repro-
duction study. First, there is the fertility index,
which may be defined as the percentage of
attempted matings (i.e., each female housed
with a male) that resulted in pregnancy; preg-
nancy is determined by a method such as the
presence of implantation sites in the female.
Second, there is the gestation index, which is
defined as the percentage of mated females, as
evidenced by a dropped vaginal plug or a posi-
tive vaginal smear, that deliver viable litters
(i.e., litters with at least one live pup). Two
related variables that may also be studied are
the mean number of pups born per litter and the
percentage of total pups per litter that are still-
born. Third, there is the viability index, which
is defined as the percentage of offspring born
that survive at least 4 days after birth. Finally,
there is the lactation index, which is the per-
centage of those animals per litter alive at4 days
that survive to weaning. In rats and mice, this
is classically taken to be 21 days after birth. An
additional variable that may reasonably be in-
cluded in such a study is the mean weight gain
per pup per litter.

Given that N is at least 10 (proper sample
size is discussed in Developmental Toxicol-
ogy), itis possible to test each of these variables
for significance using a method such as the
Wilcoxon-Mann-Whitney U test, or the
Kruskal-Wallis nonparametric ANOVA. If N
<10, the central limit theorem cannot be ex-
pected to be operative, and the Wilcoxon sum
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or ranks (for two groups) or the Kruskal-Wallis
nonparametric ANOVA (for three or more
groups) should be used to compare groups.

Developmental Toxicology

When the primary concern of a reproduc-
tive/developmental study is the occurrence of
birth defects or deformations (terata, either
structural or functional) in the offspring of
exposed animals, the study is one of develop-
mental toxicology. In the analysis of the data
from such a study, several points must be con-
sidered.

First is sample size. Earlier in this unit the
general concerns of this topic were reviewed
and a method to estimate a sufficient sample
size was presented. The difficulties with apply-
ing these methods here revolve around two
points: selecting a sufficient level of sensitivity
for detecting an effect and factoring in how
many animals will be removed from the study
(without contributing a datum) by either not
becoming pregnant or not surviving to a suffi-
ciently late stage of pregnancy. Experience gen-
erally dictates that one should attempt to have
20 pregnant animals per study group if a pilot
study has provided some confidence that the
pregnant test animals will survive the dose
levels selected. Again, it is essential to recog-
nize that the litter, not the fetus, is the basic
independent variable.

A more basic consideration, as alluded to in
the section on reproduction, is that as more
animals are used, the mean of means (each
variable will be such in a mathematical sense)
will approach normality in its distribution. At
sample size of 10 or greater, the approximation
of normality is such that an aparametric test
(such as a #-test or ANOVA) may be used to
evaluate results. At sample sizes <10, a non-
parametric test (Wilcoxon rank-sum or
Kruskal-Wallis nonparametric ANOVA) is
more appropriate. One nonparametric method
that is widely used is the Wilcoxon-Mann-
Whitney U test.

Diet and Chamber Analyses

In a feeding study, desired doses of a mate-
rial are delivered to animals by mixing the
material with their diet. Similarly, in an inhala-
tion study, the material is mixed with the air the
test animals breathe.

In both cases, the medium (feed or atmos-
phere) must be sampled and the samples ana-
lyzed to determine what levels or concentra-
tions of material were actually present and to
ensure that the test material is homogeneously
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distributed. Having an accurate picture of these
delivered concentrations, and how they varied
over the course of time, is essential on anumber
of grounds:

1. The regulatory agencies and sound sci-
entific practice require that analyzed diet and
atmosphere levels be 210% of the target level.

2. Marked peak concentrations could, ow-
ing to the overloading of metabolic and repair
systems, result in extreme acute effects that
would add to apparent results in a chronic study
that are not truly indicative of the chronic low-
level effects of the compound, but rather of
periods of metabolic and physiologic overload.
Such results could be misinterpreted if the true
exposure/diet were not known.

Sample strategies are not just a matter of
numbers (for the statistical aspects) but of ge-
ometry—so that the contents of a container or
the entire atmosphere in a chamber is truly
sampled—and of time, in accordance with the
stability of the test compound. The samples
must be both randomly collected and repre-
sentative of the entire mass of what is being
characterized. In the special case of sampling
and characterizing the physical properties of
aerosols in an inhalation study, some special
considerations and terminology apply. Because
of the physiologic characteristics of the respi-
ration of humans and of test animals, the con-
cern is very largely limited to particles or drop-
lets that are of a respirable size. Unfortunately,
“respirable size” is a somewhat complexly de-
fined characteristic, based on aerodynamic di-
ameter, density, and physiologic charac-
teristics. A second misfortune is that, although
particles with an aerodynamic diameter of <10
wm are generally agreed to be respirable in
humans (i.e., they can be drawn down to the
deep portions of the lungs), in the rat this
characteristic is more realistically limited to
particles <3 pm in aerodynamic diameter. The
one favorable factor is that there are now avail-
able a selection of instruments that accurately
(andrelatively easily) collect and measure aero-
dynamically sized particles or droplets. These
measurements provide data for concentrations
in a defined volume of gas, which can be ex-
pressed as either a number concentration or a
mass concentration (the latter being more com-
mon). Such measurements generate categorical
data—concentrations are measured in each of
a series of aerodynamic size groups (such as
>100 pm, 100 to 25 pm, 25 to 10 pm, 10 to 3
wm). The appropriate descriptive statistics for
this class of data are the geometric mean and
its standard deviation. These aspects, and the

statistical interpretation of the data that are
finally collected, should be considered care-
fully after consultation with appropriate ex-
perts. Typically, it then becomes a matter of
calculating measures of central tendency and
dispersion statistics, and identifying the values
that are beyond acceptable limits (Bliss, 1965).

Mutagenesis

Since the early 1960s a wide variety of tests
for mutagenicity have been developed and
brought into use. These tests provide a quicker
and cheaper (although less conclusive) way of
predicting whether a material of interest is a
mutagen, and possibly a carcinogen, than do
longer-term whole-animal studies.

How to analyze the results of this multitude
of tests—e.g., Ames (unir 3.1), DNA repair,
micronucleus, host mediated, cell transforma-
tion, sister chromatid exchange, and Droso-
phila—is anew and extremely important ques-
tion. Some workers in the field have held that
test results can simply be judged to be positive
or not positive on the basis of whether they
achieve a particular degree of increase in the
incidence of mutations in the test organism.
Such quantitations of potency are complicated
by the fact that the phenomenon is nonlinear.
Although low doses of most mutagens produce
a linear response curve, the curve will flatten
out (and even turn into a declining curve) with
increasing doses, because higher doses take the
target systems into levels of acute toxicity.

Several concerns that differ from those pre-
viously discussed need to be examined, because
the concern has now shifted from how a mul-
ticellular organism acts in response to one of a
number of complex actions to how a mutational
event is expressed, most frequently by a single
cell. Given that it is possible to handle large
numbers of experimental units in systems that
use small test organisms, it is possible to detect
both weak and strong mutagens.

What are the background mutation level and
the variability in the technique? As any good
genetic or general toxicologist will acknow-
ledge, matched concurrent control groups are
essential. Fortunately, with these test systems
large N’s are readily attainable.

Instrumentation and Technique
Factors

Most if not all toxicology studies depend on
at least some instrumentation. Very frequently
overlooked here (and, indeed, in most research)
is that instrumentation, by its operating charac-
teristics and limitations, goes along way toward
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determining the nature of the data it generates.
An activity monitor measures motor activity in
discrete segments. If it is a jiggle-cage type
monitor, the segments are constricted so that
only a distinctly limited number of counts can
be achieved in a given period of time and then
only if they are of the appropriate magnitude.
Likewise, technique can readily determine the
nature of the data. When measuring response
to pain, for example, the technician could re-
cord it as a quantal measure (present or absent),
as a rank score (on a scale of 1 to 5 from
decreased to increased responsiveness, with 3
being normal), or as scalar data (by using an
analgesia meter, which determines how much
pressure or heat is required to evoke a re-
sponse).

Study Design Factors

Study design is probably the most widely
recognized of the factors that influence the type
of data generated. Number of animals used,
frequency of measures, and length of observa-
tion period are three obvious design factors that
are readily under the control of the researcher
and that directly help determine the nature of
the data.

SCREENING STUDIES

Perhaps the major set of activities in toxi-
cology is screening for the presence of an effect.
Screening for nervous system, immune system,
and other involvement, in particular for the
effects of chemicals, has been a long-standing
enterprise that has taken on new importance
with both the advent of the Toxic Substance
Control Act (TSCA) and the growing concern
over new chemicals, drugs, and food additives
coming to market with significant human ex-
posure (Zbinden et al., 1984). Perhaps ironi-
cally, despite this level of awareness and activ-
ity, screening tests have not to any great extent
undergone standardization or validation, and
the relationships between the observed sys-
temic effects and underlying causes remain
largely unknown. The result is less information
on more structures but an overall increase in the
efficiency with which compounds of concern
are discovered (assuming that truly active com-
pounds are entering at a steady rate).

It should be noted that the methods de-
scribed here are better suited to analyzing
screening data when the interest is truly in
detecting the absence of an effect with little
chance of false negatives. Anderson et al.
(1980) should be consulted for a more thorough
discussion of considerations involved in cases
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in which the desire is to have few false positives
(i.e., when the direction of the hypothesis test
has been reversed).

The design of each assay and the choice of
the activity criterion should, therefore, be ad-
justed, bearing in mind the relative costs of
retaining false positives and rejecting false
negatives. Decreasing the group sizes in the
early assays reduces the chance of obtaining
significance at any particular level (such as 5%)
so that the activity criterion must be relaxed, in
a statistical sense, to allow more compounds
through. At some stage, however, it becomes
too expensive to continue screening many false
positives; and the criteria must be tightened up
accordingly. Where the criteria are set depends
on the acceptable noise levels in a screening
system.

Screening systems may be approached by
one of at least three different formats: single
stage, sequential, and tier. For the purposes of
this discussion, only the single-stage case is
considered in depth, although the other forms
are described.

Characteristics of Screens

The basic assumptions underlying screen-
ing are that a compound is either active or
inactive and that the proportion of actives can
be estimated from past experience. After test-
ing, a compound is classified as positive or
negative. It is then possible to design the assay
to optimize the following characteristics: sen-
sitivity, the ratio of true positives to total ac-
tives; specificity, the ratio of true negatives to
total inactives; positive accuracy, the ratio of
true to observed positives; negative accuracy,
the ratio of true to observed negatives; capac-
ity, the number of compounds evaluated per
unit time, and reproducibility, the ability to
have operational characteristics replicated.

An advantage of testing more compounds is
that it gives the opportunity to average activity
evidence over structural classes or to study
quantitative structure-activity relationships
(QSARs). QSARs can be used to predict the
composite activities of new compounds and
thus reduce the chance of actual testing on
compounds of interest passing through the sys-
tem.

Screens may thus truly be considered the
biologic equivalent of exploratory data analysis
(EDA). EDA methods, in fact, provide a num-
ber of useful possibilities for less rigid and yet
quite effective approaches to the statistical
analysis of the data from screens, and are one
of the alternative approaches presented here.
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Such screens are almost always focused on
detecting a single end point of effect (e.g.,
mutagenicity, lethality, neurotoxicity, develop-
mental toxicity) and have a particular set of
operating characteristics in common.

1. A large number of compounds must be
evaluated; therefore, ease and speed of per-
formance (which may also be considered effi-
ciency) are major desirable characteristics.

2. The screen must be very sensitive in its
detection of potential effective agents. An ab-
solute minimum of effective agents should es-
cape detection—i.e., there should be very few
false negatives (in other words, the type Il error
rate, or beta level, should be low). Stated an-
other way, the signal gain should be signifi-
cantly elevated.

3. It is desirable that the number of false
positives be small (i.e., that there be a low type
I error rate, or alpha level). The exact level
selected depends on test characteristics and
whatkind of separation of screened compounds
is desired. Less than 0.10 is usually inappropri-
ate for a screen, however.

4. Items 1 to 3 are all to some degree con-
tradictory, requiring the researchers involved to
agree on a set of compromises. These typically
start with acceptance of a relatively high noise
level (0.10 or more).

5. In an effort to better serve item 1, such
screens are frequently performed in batteries,
so that multiple end points are measured in the
same operation. In addition, such measure-
ments may be repeated over a period of time in
each model as a means of supporting item 2.

NEW APPROACHES TO
STATISTICAL ANALYSIS

Trend Analysis

A variation on the theme of regression test-
ing that has gained popularity in toxicology
over the last 15 years is trend analysis. In the
broadest sense, this is determining whether a
sequence of observations taken over a period
of time (e.g., the cumulative proportions of a
group of animals that have tumors of a particu-
lar sort) exhibit some sort of pattern of change:
an increase (upward trend) or decrease (down-
ward trend). There are a number of tests that
can be used to evaluate data to determine if a
trend exists. The most popular test in toxicol-
ogy is currently the one presented by Tarone
(1975), because it is the one used by the NCI
in the analysis of carcinogenicity data. A simple
but efficient alternative is the Cox and Stuart
test (1955), which is a modification of the sign

test. For each point at which there is a measure
(e.g., the incidence of animals observed with
tumors), a pair of observations is formed, one
from each of the groups being compared. In a
traditional NCI bioassay, this would mean pair-
ing control with low dose and low dose with
control (to explore a dose-related trend) or each
time period observation in a dose group (except
the first) with its predecessor (to evaluate a
time-related trend). When the second observa-
tion in a pair exceeds the first observation,
record a plus sign for that pair. When the first
observation is greater than the second, record a
minus sign for that pair. A preponderance of
plus signs suggests a downward trend, whereas
an excess of minus signs suggests an upward
trend. A formal test of the hypothesis at a
preselected confidence level can then be per-
formed.

Expressed more formally, first (having de-
fined what trend is to be tested for) match pairs
as (X1 + X110), (X2, Xo40), -+« » Xy, X, ), Where
¢ =n'/2 when n’ is even and ¢ = (n” + %5) when
n’isodd (where n’ is the number of observations
in a set). The hypothesis is then tested by
comparing the resulting number of excess posi-
tive or negative signs against a sign test table
(Beyer, 1976).

It is possible, of course, to combine a num-
ber of observations to actively test for a set of
trends, such as the existence of a trend of
increasing difference between two groups of
animals over a period of time. This is demon-
strated in Example 2.

Example 2

A chronic feeding study in rats is set up to
test, in the second year of the study, the hy-
pothesis that there is a dose-responsive increase
in tumor incidence over time associated with
receiving the test compound. A Cox-Stuart test
for trend to address this question is used. All
groups start the second year with an equal
number of animals. The data are presented in
Table 1.2.2.

Control Charts

The control-chart approach (Montgomery,
1985), commonly used in clinical laboratories
for quality control, used as a form of screening
offers some desirable characteristics. By keep-
ing records of cumulative results during the
development of the screen methodology, for
example, the researcher can make an initial
estimate of the variability (such as standard
deviation) of each assay, which is available
when full-scale use of the screen starts. The
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initial estimates can then be revised as more
data are generated (i.e., as familiarity with the
screen increases).

The example below shows the usefulness of
control charts for control measurements in a
screening procedure. The example test for
screening potential muscle strength—suppres-
sive agents measures reduction of grip strength
by test compounds compared to a control treat-
ment. A control chart was established to moni-
tor the performance of the control agent to

Table 1.2.2 Data for Example 2

establish the mean and variability of the control
and to ensure that the results of the control for
a given experiment are within reasonable limits
(a validation of the assay procedure). The av-
erage grip strengths and the average range of a
series of experiments are presented in Tables
1.2.3 and 1.2.4; Example 3 shows the construc-
tion and use of the resulting control chart.

As in control charts for quality control, the
mean and average range of the assay were
determined from previous experiments. In this

Control Low dose High dose
Month of Total X Total Y Compared Total Z Compared
study animals with Change animals with Change with control animals with Change with control
tumors [Xa-s] tumors [Yas] Y-X tumors [Z a5l Z-X
12(A) 1 NA 0 NA NA 5 NA NA
13(B) 1 0 0 0 0 7 2 (+)2
14(C) 3 2 1 1 )1 11 4 (+)2
15(D) 3 0 1 0 0 11 0 0
16(E) 4 1 1 0 )1 13 2 (H)1
17(F) 5 1 3 2 (1 14 1 0
18(G) 5 0 3 0 0 15 1 1
19(H) 5 0 5 2 (+)2 18 3 3)
20(I) 6 1 6 1 0 19 1 0
21(0) 8 2 7 1 )1 22 3 (H)1
22(K) 12 4 9 2 )2 26 4 0
23(L) 14 2 12 3 ()1 28 2 0
24(M) 18 4 17 5 ()1 31 3 )1
Sum of signs®
+ 4+ 6+
_ 4— 1—
N=12 Y-X=0 Z-X=5
(no trend)

“Reference to a sign table is not necessary for the low dose comparison (where there is no trend) but clearly shows the high dose to be

significant at the P < 0.05 level.

Table 1.2.3 Average Grip Strengths and Ranges for Screening Procedures

Test number Mean Range Test number Mean Range
1 380 40 11 280 120
2 430 30 12 410 100
3 340 30 13 400 220
4 480 60 14 340 50
5 380 240 15 370 40
6 450 40 16 430 140
7 490 50 17 370 60
8 320 90 18 450 80
9 480 50 19 320 70
10 340 80 21 420 130
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example, the screen had been run 20 times
previous to the data shown. The initial data
showed a mean grip strength of 400 g and a
mean range R of 90 g. These values were used
for the control chart. The size of the subgroups
is 5. The action limits for the X and range charts
were calculated as follows:
X+ 0.58R=400+0.58 x 90
=348 — 452
= (X chart)

2.11R=2.11x90
= 190, the upper limit for the range

Note that the range limit actually established
a limit for the variability of the data, that it is
in fact a “detector” for the presence of outliers
(extreme values). This data set in a control-
chart format is shown in Figure 1.2.5.

Such charts may also be constructed and
used for proportion or count types of data.
Charts constructed for the range of control data
can be used as rapid and efficient tools for

Table 1.2.4 Values for Determining Upper and Lower Limits for

Mean (X) and Range Charts

Sample size of

A: factor for X

Range chart factors

subgroup (N) chart lower limit (DL)
2 1.88 0 3.27
3 1.02 0 2.57
4 0.73 0 2.28
5 0.58 0 2.11
6 0.48 10 2.00
7 0.42 0.08 1.92
8 0.37 0.14 1.86
9 0.34 0.18 1.82
10 0.31 0.22 1.78
20 0.18 0.41 1.59
50
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Figure 1.2.5 Example of control chart used to prescreen (i.e., explore and identify influential) data
from a portion of a functional observational battery.
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Figure 1.2.6 Effective two-dimensional visual display of three-dimensional data. A correlative plot
of a rabbit dermal study with white blood cell counts.

detecting effects in groups being assessed for
that same screen end point.

Graphical Methods

The use of innovative visual displays of data
as ameans of both analysis and communication
of relationships has been developed extensively
since the 1980s. These methods should be of
particular interest to practicing toxicologists,
because detecting, understanding, and commu-
nicating relationships in more than two dimen-
sions is a constant challenge. Figure 1.2.6 pro-
vides one simple example of such an approach.

The reader’s attention is particularly di-
rected to the work of Tufte (1997) as an excel-
lent source for this field.
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Transgenic Animals in Toxicology

STRATEGIES AND APPLICATIONS

A transgenic (Tg) animal is defined as an
animal in which genetic material has been ex-
perimentally introduced into, or deleted from,
the germ cells. The altered DNA need not be
genetically active, but should be heritable. Tg
mice can be generated to express two distinct
generalized phenotypes, gain of function and
loss of function. Gain of function is usually
associated with an overexpressing, randomly
integrated transgene. Loss of function is created
by targeting the deletion of a specific gene using
embryonic stem (ES) cell technology. How-
ever, randomly integrated transgenes can result
in functional inactivity of a gene product, and,
vice versa, transgenes can be targeted for over-
expression using ES cell technology (see dis-
cussion of Production of Tg Mice by Gene
Targeting). Tg mice are a unique tool for un-
derstanding how interactions between individ-
ual genes and the environment affect human
health. Tg animal models in the area of toxicol-
ogy can be useful for a number of applications,
including mutagenesis, carcinogenesis, risk as-
sessment, and stress response (see Table 1.3.1).
Transgenic technology is rapidly evolving, and
future developments will allow scientists the
opportunity to address difficult questions in
toxicology where no specific targets have been
identified. It must be remembered that animal
systems are not passive, and along with techni-
cal advancements intensive studies must be
undertaken to understand how specific gene
expression is controlled.

Understanding toxic mechanisms is difficult
because of the complexity of animal systems,
and extrapolation between species is generally
speculative. The anticipated promise of trans-
genic technology is to provide sets of Tg ani-
mals with individual but related characteristics,
using human genes, and subject them to stand-
ard toxicology protocols. The end result will be
a delineation of the relationship between bio-
chemical and metabolic pathways and chemi-
cal toxicity. Several Tg mouse models have
been developed and characterized for mu-
tagenesis and carcinogenesis testing. The mu-
tagenesis systems in Tg mice incorporate well
understood bacterial genes into the murine
genome. Genes from chemically treated mice
are then extracted and tested for mutagenic
effect in simple bacterial assays. Two systems
that are gradually gaining acceptance are com-

mercially available and use a bacteriophage
lambda shuttle vector from the E coli -galac-
tosidase lacZ gene (Tinwell et al., 1994;
Douglas et al., 1997). The Hazelton Muta-
mouse (Hazelton Research) and the Stratagene
Big Blue systems use the structural lacZ gene
and repressor lacl gene, respectively. The two
systems use similar testing procedures. Briefly,
Tg mice are exposed to a mutagen for a period
of time and then euthanized. DNA is then iso-
lated from various organs and treated with a
commercial lambda packaging system. The re-
sultant bacteriophages are plated on an appro-
priate bacterial E. coli background, and mutants
are counted according to their ability to express
[B-galactosidase. This enzyme is easily detected
in bacteriophage plaques using an indicator
dye, 5-bromo-4-chloro-3-indolyl-f3-p-galac-
toside (Xgal), which produces a blue color on
the plate.

Tg mice used in chemical carcinogenesis
assays carry an activated oncogene, or lack a
tumor-suppressor gene, which can result in
increased sensitivity to tumor development
(Brown et al., 1995). The concept in this case
is based on the increased probability of a cell
accumulating the full complement of events
required for malignancy if an oncogene has
already been activated, or if the lack of suppres-
sor gene allows it to become activated. A num-
ber of Tg mice carrying activated oncogenes
have been reported and studied, as shown in
Table 1.3.1. Expression of the oncogene is
usually determined by the type of promoter/en-
hancer sequence associated with the transgene,
thus making it possible to target specific organs
or tissues. For example, the 7TG:AC Tg mouse
exhibits the unique phenotype of chemical
papillogenesis, which provides a model for
identifying potential carcinogens (Spaulding et
al., 1993).

The p53 tumor-suppressor gene knockout
mouse is an example of a Tg mouse that has
more broad-spectrum utility in determining
compound-induced carcinogenesis (Done-
hower et al., 1992). The p53 gene has been
shown to control the entry of damaged cells into
specific stages of the cell cycle and appears to
be an essential component of the pathway by
which malignancies develop in several tissues.
Homozygous p53 knockout mice, which lack
the p53 gene on both alleles, develop a high
incidence of predominantly hematopoietic tu-
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Table 1.3.1 Examples of Transgenic Mouse Models in Toxicology

Gene Elrl(l)lm n(l)ltﬁ;/tion Phenotype Reference
LacZ Lambda phage B-Galactosidase reporter Gossen et al., 1989
Lacl Lambda phage B-Galactosidase reporter Kohler et al., 1991
Myc+H-Ras MMTV Mammary adenocarcinoma Sinn et al., 1987

Ah Knockout Dioxin toxicity, infertility Fernandez-Salguero et al., 1995
TGFo GF MMTV Mammmary hyperplasia and adenocarcinoma Matsui et al., 1990
Myc Eu B cell lymphoma Adams et al., 1985
H-Ras Albumin Enlarged liver Sandgren et al., 1989
Rag-2 Knockout T and B cell deficiency Shinkai et al., 1992
Myc Albumin Hepatic dysplasia Sandgren et al., 1989
TGFo Metallothionein Hepatocellular carcinoma Jhappan et al., 1990
p53 Knockout Lymphoma, hemangiosarcoma Donehower et al., 1992
H-Ras Keratin Skin papillomas Bailleul et al., 1990
pim-1 Eu T cell lymphomagenesis Breuer et al., 1991
TG:AC Fetal globin Skin tumorigenesis Spaulding et al., 1993
Cypla2 Knockout Neonatal lethality Pineau et al., 1995

Abbreviations: MMTYV, mouse mammary tumor virus; Ell, immunoglobulin; Ah, aryl hydrocarbon; Cyp, cytochrome P-450.
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1.3.2

mors within the first 6 months of life, and thus
are of no value for potential carcinogenic evalu-
ations. However, the p53 heterozygotes, which
lack the p53 gene on one allele, remain tumor-
free for up to 1 year, but the mutation renders
the mice more sensitive to the effects of at least
some carcinogens. Studies have shown that p53
heterozygotes exposed to dimethylnitrosamine
have an increased sensitivity to the induction
of hemangiosarcomas (Harvey et al., 1993).
Kemp et al. (1993) showed that p53 heterozy-
gotes had an earlier onset and increased fre-
quency of malignancy than the wild-type back-
ground strain when both groups were exposed
to chemical carcinogens.

The application of transgenic technology
has provided important information on the roles
of various enzyme systems in the developing
organism. For example, the cytochrome P-450
enzyme system is involved in metabolic oxida-
tion of a number of endogenous and exogenous
materials, including fatty acids, steroids, drugs,
and environmental toxicants. The system has
been well characterized in adults but little is
known about its role during development. Tg
knockout mice have been generated for cyto-
chrome P-450 1a2 and shown to express a
neonatal lethal phenotype (Pineau et al., 1995).
However, another Tg knockout line for cyto-
chrome P-450 1a2 did not have developmental
abnormalities, but exhibited deficient drug me-
tabolism (Liangetal., 1996). A second example
of the value of transgenic technology in devel-
opmental biology is the homeobox gene sys-

tem, which influences embryonic development
by determining the order of expression of vari-
ous regulators of embryonic development. A
number of laboratories have developed Tg
knockout mice that lack expression of specific
Hox genes, thus allowing identification of the
associated area required for development (de-
velopmental domain). These Tg mouse studies
may be useful in defining functional periods of
toxic exposure during gestation.

A collective family of genes, which pro-
duces stress proteins in response to toxic expo-
sure, comprises a generalized repair system for
protecting cells from a wide variety of
nongenotoxic environmental exposures. Heavy
metals, pesticides, and other reagents, includ-
ing free radicals, induce stress proteins
(Hightower, 1991). Elucidation of the genes in
this family could lead to the generation of new
Tg models capable of screening for toxic
agents. For example, Tg nematodes were gen-
erated by inserting a lacZ reporter gene fused
to a heat-shock protein gene (Stringham et al.,
1992). When the organism was subjected to
stress, heat-shock proteins were induced. Tg
mice carrying a stress-inducible gene associ-
ated with a common reporter gene could pro-
vide an easily detectable and sensitive biologi-
cal assay for toxicological exposure.

Techniques used to generate Tg mice have
frequently been described in the literature. The
remainder of this unit provides an overview of
commonly accepted procedures for producing
overexpression, point mutation, and null
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Table 1.3.2 Comparison of Steps for Generating Overexpression and Gene-Targeted Transgenic Mice

Step  Pronuclear transgenesis (overexpression)

Gene targeting

1 Prepare construct Prepare construct
2 Select mouse strain as embryo donor Transfect ES cells, clone, and analyze
3 Microinject DNA into pronuclei Microinject targeted ES cells into blastocysts
4 Transfer embryo to oviduct Transfer embryo to uterus
5 Test pups for transgene DNA Identify male chimeras by coat color
6 Breed positive mice Breed chimeric mice
7 Test pups for DNA expression Test pups for targeted mutation
8 Expand colony Expand colony
ES, embryonic stem cells.
start
™ AT+G T?A
promotor —intron— transgene poly (A)

Figure 1.3.1 An example of a construct design for random integration via pronuclear microinjec-
tion. The transcription start site is depicted as an arrow rising from the promoter point right. The
initiation (ATG) and stop (TAA) codons are represented by arrows pointing into the transgene. The
two arrows pointing upward represent the restriction sites used to remove the bacterial plasmid
sequences. The polyadenylation site is designated as poly(A).

(knockout) Tg mice. Transgenic technology
consists of two basic avenues: pronuclear mi-
croinjection of one-cell embryos, and blasto-
cyst microinjection (or aggregation) of gene-
targeted ES cells with the formation of chime-
ras. A flow chart comparing the steps involved
in both procedures is presented in Table 1.3.2.
This unit focuses exclusively on the mouse. The
ratis used extensively in toxicology studies, but
unfortunately the understanding of preimplan-
tation embryology and transgenesis lags behind
that of the mouse. However, several recent
articles have been published on generation of
Tg rats (Sullivan and Ouhibi, 1995; Charreau
et al., 1996).

DNA CONSTRUCT
CONSIDERATIONS

Constructs for Overexpression Tg Mice
Construct design for producing overexpres-
sion Tg mice is fairly straightforward. The
construct should contain a functional promoter,
initiation codon (ATG), and polyadenylation
site (Fig. 1.3.1). The 3’ poly(A) site, consisting
of a polyadenylation signal, cleavage site, and
cleavage binding factor, ensures that mRNA
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will be correctly processed to produce a
polyadenylated transcript. Transgenes are con-
structed to consist of a full-length cDNA or
genomic DNA for a specific gene fused to the
enhancer/promoter sequence. Entire genes,
containing endogenous introns, exons, and the
5’-flanking promoter sequences, have been
used. However, the larger the DNA fragment,
the lower the efficiency of producing Tg mice.
The use of intact genes also does not allow the
flexibility of promoter choice and external tem-
poral control of transgene expression. Many
vectors used in cloning can interfere with ex-
pression of the transgene. Consequently,
unique restriction sites at the 5" and 3’ ends of
the transgene should be available to remove
plasmid sequences. Sequencing of junction frag-
ments to confirm that the transgene contains all
the elements in the correct orientation, as well as
testing for expression in a tissue culture system,
are useful steps to ensure that the best possible
conditions are available for transgene integra-
tion. Transgenes should be constructed to be
easily identified subsequent to integration. It is
important that a screening scheme to detect
DNA in potential founder mice be devised
before starting pronuclear microinjections.
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PCR is the most frequently used method for
analyzing transgene integration, although both
Southern and dot blot analyses are often used.

The choice of promoter depends on the tar-
get tissue of interest, or the desire to direct the
ubiquitous expression of a transgene. There is
limited information on promoters that can focus
the expression of genes to a broad array of
tissues. The chick B-actin promoter has broad-
spectrum activity, inducing high levels of trans-
genic expression in heart, muscle, lung, and
brain; however, expression in liver, kidney,
spleen, and intestine is low or undetectable
(Oberly et al., 1993; Kagan et al., 1994). An-
other promoter, human cytomegalovirus
(CMV), directs high expression of transgenes
in a number of tissues including muscle, heart,
kidney, spleen, testis, and brain, but expression
is low or undetectable in liver (Furth et al.,
1991). Examples of specific-tissue promoters
that have been successful in Tg mice used as
models in toxicology are shown in Table 1.3.1.

Inducible promoters are preferable in anum-
ber of situations in order to obtain maximum
quantity of the gene product and to regulate its
expression. The human metallothionein pro-
moter is activated by heavy metals, but appears
to lack desired specificity (Palmiter et al.,
1983). A tetracycline-inducible system has
been developed and demonstrated to be effec-
tive in several studies (Shockett and Schatz,
1996). The latter is referred to as a binary
system since it requires two sets of transgenes.
The expression of a specific transgene in one
mouse (Tg line 2) depends on a tetracycline-
sensitive transactivator transgene from another
mouse (Tg line 1) for the promoter region of
the transgene of interest. When offspring from
a cross of the two lines are treated with tetra-
cycline, the transactivator gene remains inac-
tive. When the tetracycline is removed, the
transactivator gene is activated and triggers the
promoter and subsequent expression of the spe-
cific DNA inserted in Tgline 2. Two new binary
systems that have recently been introduced are
the estrogen-inducible (Braselmann et al., 1993)
and ecdysone-inducible (No et al., 1996) sys-
tems. Studies to confirm their applications in Tg
mice used for toxicology models are forthcoming.

Frequently, transgenes fail to be expressed,
spatial or temporal patterns are not followed,
or expression cannot be distinguished from
endogenous gene levels. The size limitation of
standard transgenic constructs, set by the clon-
ing capacity of plasmid, phage, or cosmid vec-
tors, may prevent the inclusion of necessary but
distinct regulatory elements. Yeast artificial

chromosomes (YACs) have proven to be a pow-
erful toolin transgenic technology because they
provide a means of cloning and stably main-
taining DNA >1 Mb in size (Montoliu et al.,
1993). YAC-borne DNA can be microinjected
into one-cell embryos in an efficient manner,
provided steps are taken to prevent shearing
(W.C. Ladiges, unpub. observ.). The ability to
introduce such large segments of DNA into labo-
ratory mice provides the opportunity to study the
functional analysis of genes too large to clone by
conventional methods, and allows a practical
means of evaluating regulatory activity in large
clusters such as Hox and globin genes.

A recent approach in construct design which
has extended the usefulness of randomly inte-
grated transgenes is the creation of a dominant
negative mutation so that endogenous gene
function will be blocked with subsequent crea-
tion of a functional null mutation. For example,
dominant negative retinoic acid receptor
(RAR) transgenes have been used to generate
Tg mice in order to address the effects of block-
ing specific functional domains of these recep-
tors in various organ systems (Damm et al.,
1993; Saitou et al., 1995). The use of dominant
negative mutations requires a detailed charac-
terization of functional domains of the pro-
tein(s) involved.

Constructs for Gene Targeting

In contrast to random integration, homolo-
gous recombination allows targeted alterations
of the murine genome. These can be as defined
as specifically as a point mutation or as broadly
as gene function ablation (null mutation). The
components of a vector destined for homolo-
gous recombination in ES cells include se-
quences that are homologous to the desired site
of'integration, a selection marker, and a plasmid
backbone. There are two basic approaches: re-
placement and insertion vectors (Fig. 1.3.2).
Subtle mutations require further selection, fol-
lowing vector insertion, for naturally occurring
recombination events that result in the desired
gene configuration. The entire process of vector
insertion followed by loss of target-site se-
quences is termed hitand run (Fig. 1.3.3). Hasty
and Bradley (1993) and Bronson and Smithies
(1994) provide lucid explanations of overall
vector design.

Replacement vectors are most commonly
used to make null mutations. The positive se-
lection cassette is inserted in an area of homol-
ogy that ablates the ability to encode a func-
tional RNA. Therefore, some understanding of
exon correlation to protein function prior to
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Figure 1.3.2 Replacement and insertion vector integration patterns. A thick line represents vector
homology with the target locus and the thin, single line represents the plasmid backbone. The box
containing a minus sign is the negative selection marker. The double line represents wild-type
homology with the vector. The exon targeted for mutation is represented as an open box. Arrows
pointing horizontally represent PCR primer locations. The X’s are crossover points for vector
integration. (A) The box containing a plus is the sequence homologous to the targeted exon
disrupted by the positive selection marker. (B) The box containing a single line in the middle
represents a subtle mutation engineered into the homologous sequences for the target exon. The
break in the thick line on the vector represents the vector linearization site.

vector design is advantageous. Other vector
considerations include the provision of a
unique restriction site outside the area of ho-
mology to linearize the construct. There should
be =5 kb of homology overall (Hasty et al.,
1991a). Acentric homology such that the short
arm contains 0.5 to 2 kb of homologous se-
quences is desired if PCR analysis of targeted
events is to be pursued (Hasty and Bradley,
1993). Otherwise, Southern analysis to deter-
mine successful targeting can incorporate any
length of homology on the individual 5" and 3’
ends, with overall length of homology the pri-
mary consideration (Hasty et al., 1991a). PCR
analysis requires that one primer be located
outside the area of homology, while the other
primer should be located within the vector,
often utilizing sequences within the positive
selection marker (Fig. 1.3.2A). The resulting
PCR product should be short enough to allow
efficient amplification (<2 kb). Replacement
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recombination products may be the result of
single-copy or multicopy vector insertion, thus
containing the plasmid backbone. Inclusion of
anegative selection marker in the vector design
may eliminate these undesirable events through
drug (antibiotic) selection. Diagnostic South-
ern blot analysis is used to verify that one set of
vector sequences is integrated within the target
site in the correct orientation. A unique probe
which hybridizes to a sequence outside one or
both regions of homology is used to detect restric-
tion-fragment size. Often a restriction site is
engineered into the vector to assist in analysis.

Insertion vectors are used to generate either
subtle or null gene mutations. Targeted integra-
tion can occur more frequently by insertion
than replacement (Hasty et al., 1991b). Inser-
tion events result in duplication of the area of
homology (Fig. 1.3.2B) which can lead to null
mutation. A primary difference in vector re-
quirements between insertion and replacement
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Figure 1.3.3 Hit and run vector insertion and intrachromosomal recombination patterns. The thick
line represents vector homology with the target locus and the single line represents the plasmid
backbone. The box containing a plus sign is the positive selection marker. The box containing a
minus sign is the negative selection marker. The exon targeted for mutation is represented as an
open box. The box containing a single line in the middle represents a subtle mutation engineered
into the homologous sequences for the target exon. The break in the thick line on the vector
represents the linearization site. The double line represents wild-type homology with the vector. The
X’s are the crossover points for vector integration and sister chromatid exchange. Intrachromosomal
recombination of the insertion product can occur by single reciprocal recombination (left) or uneven
sister chromatid exchange (right) to result in the desired targeted mutation. The diagram at the
bottom shows how undesirable recombination products are lost through excision and degradation

(left) or sensitivity to negative selection (right).

vectors is that location of the restriction site for
vector linearization is incorporated within the
area of homology rather than the plasmid back-
bone. The recommended level of overall ho-
mology is the same (=5 kb). A positive selection
marker can be included either within an exon
or, more commonly, in the plasmid backbone,
depending on the ultimate goal. Analysis of
insertion events by PCR takes advantage of
repair of DNA deleted from the insertion vector
at the linearization site, such that one primer is
within the area of repair and one within the
vector, often utilizing sequences within the
positive selection marker (Fig. 1.3.2B). As with
replacement, the Southern analysis strategy for
insertion relies on the use of an external probe.

Hit and run strategy involves the loss of
vector sequences following vector insertion to
generate either a subtle or a null mutation. The
unwanted sequences (plasmid backbone, selec-
tion markers, and one complement of the target
locus duplication) are lost through spontaneous
intrachromosomal recombination (Fig. 1.3.3).
Inclusion of a negative selection marker fused
to the positive selection cassette is utilized to
detect successful loss of sequences through
recombination.

It is desirable to optimize the frequency of
site-specific homologous recombination to re-
duce the eventual clone-analysis workload. Vec-
tors containing homologous sequences cloned
from isogenic DNA are generally more effi-
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cient at targeting (Deng and Capecchi, 1992).
A commonly used approach involves inclusion
of a negative selection marker, such as thymid-
ine kinase, on one end of the replacement vec-
tor. This is called positive negative selection
(PNS) and allows a higher frequency of detec-
tion of targeted events by sensitizing clones,—
derived by random, concatemer, or vector circle
integration—to the presence of a negative se-
lection drug (Mansour et al., 1988). A similar
approach—using an antisense cassette of the
positive selection marker containing a strong
promoter in reverse orientation located outside
the area of homology—allows positive and
negative selection to occur simultaneously in
response to addition of only one selection drug
(Skryabin and Schmauss, 1997). Targeting fre-
quency can be improved by driving a positive
selection marker using the endogenous promoter
or enhancer at the site of integration, as long as
neither promoter nor enhancer is included within
the area of sequence homology on the positive
selection marker (Schwartzberg et al., 1990).
Temporal and cell-type-specific control of
gene targeting provide a means to more accu-
rately assess the physiological role of the gene
of interest. The Cre-loxP system is used in gene
targeting to remove vector sequences by flank-
ing the sequences to be removed with loxP sites.
The vector sequences are then excised using
Cre recombinase (Lakso et al., 1992; Orban et
al., 1992), either by in vitro exposure to Cre
recombinase or in vivo by introducing a Cre
recombinase transgene. The Cre-loxP system
not only duplicates one goal of hit and run
vector design by removing the selection
marker, but can be utilized for tissue-specific
targeted gene mutation (Gu et al., 1994) and
temporal control of targeted gene mutation
(Kiihn et al., 1995; Feil et al., 1996). Any
portion of a gene can be excised by predeter-
mining the loxP site location within a vector.
Through the choice of promoter to drive the Cre
recombinase gene, tissue and site-specific gene
alteration can be controlled. Finally, the ad-
ministration of a drug to switch on Cre recom-
binase activity allows temporal expression of
the site-specific gene alteration. Prior to Cre
recombinase induction, the animal must be ho-
mozygous for the targeting event and hemizy-
gous (heterozygous for the transgene) for Cre
recombinase overexpression in order to look at
temporally targeted mutations. This represents
asignificant investment in time prior to biologi-
cal assessment of gene function. It is important
to be aware that with each level of control of
transgenic production, the burden on the inves-
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tigator to make wise choices in experimental
aim and vector design increases.

Opverall, the concerns that drive vector de-
sign are: (1) size of the desired mutation; (2)
exon location of the targeting event; (3) se-
quence homology length; (4) location of selec-
tion marker(s); (5) incorporation and location
of a unique restriction site to linearize the vec-
tor; (6) PCR and/or Southern blot analysis strat-
egy to detect and clarify targeted events; (7)
whether to incorporate strategies to improve
targeting frequency; and (8) whether to include
refinements, such as incorporation of a reporter
gene as an expression marker (see Bonnert and
Nicolas, 1993; Vernet et al., 1993), or inclusion
of loxP sites.

Overexpression of a transgene can be
achieved following introduction of a vector into
embryonic stem (ES) cells. This is a relatively
efficient means of producing random-insertion
Tg mice, and is useful when the transgene may
profoundly affect development (Jaffe et al.,
1992; Kitsukawa et al., 1995), when stable
integration of a large piece of unrearranged
DNA is needed (Jakobovits et al., 1993; Lamb
et al., 1993; Strauss et al., 1993), or when a
genetically defined inbred background is re-
quired in cases where a suitable ES line is
available (C. Ware, unpub. observ.). This
method has the added advantage that clones can
be characterized for integration copy number
and, depending on the promoter used, determi-
nation of the level of transgene expression be-
fore introduction into mouse embryos. Often,
a selection marker that incorporates a promoter
that is expressed in ES cells is included in the
electroporation mix in aratio of 1 part selection
marker to 10 parts desired gene vector. Follow-
ing this scheme, the gene construct is identical
to that described for pronuclear injection. Oth-
erwise, the selection marker can be incorpo-
rated directly within the vector construct. It is
important to be aware that overexpression us-
ing ES cells will require the production of
chimeras to introduce the mutation into the
germ line. This effectively adds one generation
to the time frame, relative to standard pronu-
clear microinjection.

MOUSE HUSBANDRY

A number of different inbred, outbred, and
hybrid strains of mice have been used to produce
Tg mice. F2 hybrid embryos, generated from
matings between F1 hybrid mice are most com-
monly used for DNA microinjection. Hybrids
that are commonly used include (C57BL/
6XSJL)F1, (C57BL/6XC3H/He)F1, (C57BL/
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6XDBA/2)F1, and (BALB/ ¢cXC57BL/6)F1. In-
bred strains, such as C57BL/6, FVB, BALB/c,
and C3H are also used, but the efficiency of
generating Tg mice is less than with hybrid
strains. However, the problems of genetic vari-
ation between F2 animals, genetic drift in sub-
sequent generations, and the extensive back-
crossing onto an inbred background required to
regain genetic definition are greatly minimized
by using an inbred embryo strain. Inbred strains
are routinely used as blastocyst donors to pro-
vide a constant genetic background for the
production of chimeras. Outbred Swiss albino
strains, suchas CD1,ICR, and SW, are frequently
used as embryo donors because they are rela-
tively inexpensive. However, they do not re-
spond to superovulation as well as hybrid
strains, and their embryos develop more slowly.
Table 1.3.3 provides an overview of criteria for
selecting a donor mouse strain based on physi-
ological and biological characteristics.

There may also be scientific considerations
for selecting a genetically defined background
strain. Historically, inbred strains have been
phenotypically characterized in a wide variety of
biological studies. Thus, many toxicology stud-
ies are based on data using inbred strains. The
ease and efficiency of generating Tg mice using
hybrid strains must be weighed against the
relatively lower efficiency, but scientific valid-
ity, of generating Tg mice on defined genetic
backgrounds of commonly used inbred strains.

Embryo Collection
Natural ovulation in the mouse occurs 2 to

3 hr prior to the onset of estrus, producing 10
to 12 ova, depending on the mouse strain. Fig-
ure 1.3.4 schematically shows the time course

of embryos as they are released from the ovary
and travel through the oviduct and into the
uterus. The administration of exogenous hor-
mones to sexually immature female mice (<5
weeks of age) is usually thought to increase the
quantity of viable ova to 15 to 30 per mouse
and synchronize the release of ova from fe-
males within the same group. Superovulation
consists of injecting two hormones in se-
quence—pregnant mare’s serum gonadotro-
phin (PMSG) followed by human chorionic
gonadotrophin (hCG) 42 to 48 hr later—into 3-
to 4-week-old sexually immature female mice.
However, adult females as old as 9 weeks of
age have been found to respond favorably to
superovulation (W.C. Ladiges, unpub. observ.).
PMSG contains a relatively higher ratio of
follicle-stimulating hormone to luteinizing
hormone than does hCG, and will increase the
number of developing ova that will mature just
before ovulation. On the other hand, hCG con-
tains a relatively higher ratio of luteinizing
hormone to follicle-stimulating hormone, and
stimulates the synchronous ovulation of almost
all of the PMSG-stimulated follicles within 6
to 8 hr following injection. Both hormones are
given intraperitoneally in sterile saline at a dose
of 3 to 8 IU per mouse. Inbred strains typically
require lower doses (3 to 5 IU per mouse), while
hybrid strains often need slightly higher doses
(5 to 7 IU per mouse). In actual practice, it is
acceptable to administer 5 IU per mouse, re-
gardless of the strain. The timing of administra-
tion is also of importance, depending on the
light cycle of the room where mice are housed.
If a standard 6 a.m. to 6 p.m. light cycle is used,
PMSG should be given later in the day, between
12 noon and 4 p.m. A specific time should be

Table 1.3.3 Suggestions for Selecting a Mouse Strain for Transgenic Manipulation

Strain Genetic status Superovulation®  Embryo quality? Litter size®  Cost?
C57BL/6  Inbred Medium Acceptable Average High
FVB Inbred Medium Outstanding High Medium
BALB/c Inbred Low Acceptable Average High
Swiss Outbred Medium Acceptable High Low
CD1 Outbred High Acceptable High Low
B6SJL Hybrid High Acceptable High Medium
B6C3 Hybrid High Acceptable High Medium
B6D2 Hybrid Low Acceptable Average Medium
SWR Inbred High Outstanding Average High

“In response to gonadotrophins as described in the text.

bQuality is defined as viable embryos with easily observable pronuclear features.

“Based on a litter size of 5 to 8 pups.
4Based on purchase costs from commercial vendors.
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selected and used consistently. The authors rou-
tinely use 12 noon, so that 47 hr later hCG can
be given and females placed with fertile male
studs, on a one female to one male basis. The
following morning, plugged females are
euthanized and embryos collected for microin-
jection. For blastocyst collection, plugged fe-
males are held for three days and then euthan-
ized for the collection procedure. It is advisable
to use ten females for each microinjection.
From this group, expect between 200 and 300

ova, and 20 to 60 blastocysts, depending on the
strain and season.

Pseudopregnant Recipients

The female mouse is a spontaneously ovu-
lating animal, with an estrus cycle of 4 to 5 days
and an estrus period lasting from 9 to 20 hr. The
standard procedure for generating Tg mice calls
for transferring microinjected embryos into the
reproductive tract of a recipient female within
a few hours following microinjection. These

Figure 1.3.4 Diagram of the location of developing embryos within the murine reproductive tract.
The days of embryonic development are designated by E followed by a number. An unfertilized
one-cell oocyte (shown surrounded in cumulus oophorus) is released from an ovarian follicle on
EO, when it enters the oviduct. Fertilized one-cell embryos (shown with the cumulus expanding) are
collected on EO.5 for pronuclear injection. On E1.5, a two-cell embryo has formed and the cumulus
has been shed. On E.2.0, this has grown to a four-cell embryo. On E2.5, eight-cell embryos
(uncompacted or compacting) are still within the oviduct near the utero-tubal junction. Embryos
enter the uterus by E3.0 (morula stage), become blastocysts by E3.5, and become hatched
blastocyst by E4.0. Embryos for ES cell injection or aggregation can be used from E2.5 to E3.5.
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recipient females must be synchronized to re-
ceive the embryos at the proper developmental
time, without interference by endogenous fer-
tilized ova. This is accomplished by the natural
mating of females, generally of a reproduc-
tively vigorous outbred strain, with vasecto-
mized males (duds) of any reproductively ag-
gressive background, to induce pseudopreg-
nancy. Females to be used as pseudopregnant
recipients are selected for their hardiness, abil-
ity to withstand the surgical implantation pro-
cedure, and mothering ability. A common prac-
tice is to use strains expressing a different coat
color than that expected for the Tg litter. Out-
bred CD1-type mice are routinely used, but
FVB females also make good recipients under
some conditions (W.C. Ladiges, unpub. ob-
serv.). The females are mated to the vasecto-
mized males the day before DNA microinjec-
tion of embryos if they are to be transferred as
one-cell embryos. If they are to be transferred
as two-cell embryos, the recipient females are
mated with the duds the same day as embryo
microinjection. The following morning,
plugged females are collected for surgical im-
plantation. If recipients are needed for uterine
transfer of ES cell-injected blastocysts, females
are held for 2 days after first detection of plugs.
Regardless of how the recipients will be used,
approximately four times the number of fe-
males that are actually needed will have to be
mated with duds, since natural mating will
result in only ~25% of the females having
detectable vaginal plugs (a vaginal plug is evi-
dence of copulation). Plugged females that are
not used can be placed back in the breeding
rotation after a 14-day holding period. Females
beyond the stage of good reproductive perform-
ance (generally 12 weeks, depending on the
strain) should be culled from the recipient pool.
Vasectomized males should be at least 8 weeks
of age and can remain sexually active for up to
1 year, but it is advisable to replace them at ~9
months of age.

PRODUCTION OF Tg MICE BY
PRONUCLEAR MICROINJECTION
DNA should be linearized before microin-
jection since linearized DNA is more efficiently
integrated than circular DNA. DNA <10 kb in
length is commonly used, since large-molecu-
lar-weight DNA becomes highly viscous, mak-
ing it difficult to load and inject through the 1-
to 2-um opening of a microinjection needle.
The gene unit should be cut from its plasmid
vector sequences and isolated by gel electro-
phoresis. Purification is necessary to remove

contaminants, and this is a major factor in
determining successful or unsuccessful inte-
gration of the transgene. Injection buffer con-
sists of 10 mM Tris-C1/0.25 mM EDTA, pH 7.6.
The optimum concentration for injection is 2
to 5 ng/ul (Brinster et al., 1985).

Good microinjection needles and holding
pipets are essential for successful transfer of
DNA into pronuclei of EQ.5 embryos (see Fig.
1.3.4 for an explanation of E terminology). A
detailed description of the pros and cons of
micropipet size and shape and the techniques
for making them have been published (DePam-
philis et al., 1988; Mann and McMahon, 1993).
The injection equipment consists of an inverted
microscope with a movable stage and Nomar-
ski differential interference contrast optics, mi-
cromanipulators to support the holding and
injection pipets and reduce hand movements,
and a vibration-free table to hold the microin-
jection apparatus. In addition, the flow of DNA
into and out of the microinjection pipet, as well
as the suction needed for the holding pipet, can
easily be controlled by oil or air lines hooked
up to airtight microsyringes or a micro-injector
(described by Hogan et al., 1994). Before mi-
croinjection, the DNA preparation is centri-
fuged to sediment precipitates that may clog the
injection needle. It is often necessary to remove
obstructing contaminants from the construct
using an ultrapure 0.45-pm spin filter. The actual
technique of microinjection has been described
(Gordon, 1993; see Fig 1.3.5). An experienced
operator can inject between 100 and 200 em-
bryos, in an injection chamber containing
HEPES-buffered medium under oil, in 1 to 2 hr.

The standard medium for EQ.5 embryo col-
lection and pronuclear injection is M2 (avail-
able from Sigma; Quinn et al., 1982). This is
buffered for use in air and is suboptimal for
embryo culture of more than several hours. If
embryos are to be transferred immediately after
microinjection, at the one-cell stage, they can
be transferred directly in M2. Often, embryos
are cultured overnight in a medium buffered
with bicarbonate in a 5% CO,/air atmosphere,
for transfer at the two-cell stage. A number of
media have been used successfully for the cul-
ture of one-cell mouse embryos. The plethora
of medium options and the continuing improve-
ment of medium choices is due to a great body
of work on various mammalian species that has
been given a recent boost by the economic
importance of early human embryo culture. The
most commonly used medium for overnight
culture of mouse embryos to the two-cell stage
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Figure 1.3.5 Pronuclear microinjection. The one-cell embryo is being held by the zona pellucida
with an embryo holder on the left. The microinjection needle is on the right. Two polar bodies are in
view beneath the zona pellucida. The small female pronucleus is above the male pronucleus. (A)
The microinjection needle containing DNA has entered the male pronucleus, which will swell when
DNA is injected into it. (B) The injected pronucleus is swollen and the microinjection needle has

been withdrawn from the embryo. Note the steady flow of DNA from the needle.

is M16 (available from Sigma; Whittingham,
1971).

The surgical transfer of microinjected em-
bryos to E0.5 pseudopregnant recipients is tech-
nically demanding but straightforward, and must
be performed aseptically and rapidly, but gently.
Mice are administered a general anesthetic, such
as Avertin (Hogan et al., 1994) or ketamine/xy-
lazine combination (0.35 ml per 20 g mouse
mouse weight of a mixture of 1 part 20 mg/ml
xylazine and 3 parts 100 mg/ml ketamine, diluted
1 to 10), which, when given intraperitoneally,
generally provides quick, safe, and adequate lev-
els of anesthesia for short periods of time. The
surgical procedure is best performed under a
dissecting microscope. It consists of exteriorizing
one oviduct through a laparotomy incision, and
placing the embryos through a puncture incision
in the oviduct just anterior to the ampulla, using
a glass transfer pipet (Fig. 1.3.6). An optional port
of entry for the embryos is the ostium of the
infundibulum. More embryos per recipient are
transferred at the one-cell compared to the two-
cell stage (typically 20 one-cell or 15 two-cell
embryos per recipient). The aim is to have com-
fortably sized litters of 5 to 8 pups. Results do not
differ using either stage of embryo, so the choice
depends more on individual preference and labo-
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ratory schedules. An optional method yielding
similar success rates is to transfer embryos to
oviducts on both sides. In this case, the oviducts
are exteriorized via bilateral dorsal incisions,
and 4 to 12 embryos are transferred into each
oviduct as already described. Following recov-
ery from anesthesia, females should be housed
no more than two per cage in relative isolation
for the duration of their anticipated pregnancy.

Tail- or ear-punch biopsies are obtained
from 2- to 4-week-old potential founder pups
as a source of DNA for testing transgene inte-
gration. Pups are individually identified so
transgene-positive animals can be retained for
breeding. Approximately 1.0 to 1.5 cm of the
distal tip of the tail is snipped for DNA extrac-
tion. Identification of Tg mice by PCR analysis
of saliva has recently been described (Irwin et
al., 1996). Cells from the oral cavity of wean-
ling or adult mice are obtained by flushing with
a small amount of sterile water using a plastic
pipet tip. No surgical procedure is required and
sampling can be repeated as often as needed.
The DNA obtained from tissue biopsies can be
analyzed by PCR, Southern blot analysis, or
other hybridization techniques. PCR is rapid
and efficient for detecting the presence of the
transgene DNA. Southern blot analysis, while
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Figure 1.3.6 Embryo transfer. (A) Embryos are transferred with a glass pipet pulled so that the
interior diameter can hold embryos in single file (~150 mm). Oil is loaded into the capillary, followed
by two short columns of embryo-holding medium (M2), separated by air bubbles. Embryos are
loaded in a minimum amount of medium separated by an air bubble from a tiny column of medium
at the tip. (B) Transfer into the oviduct or uterus. For oviductal transfer (on the right), the ovary and
oviduct are exteriorized under a dissecting microscope to place the ampulla in view. A 30-G needle
is used to make a small opening in the oviduct just anterior to the ampulla on the infundibulum side.
The tip of the transfer pipet is inserted into the opening and the embryos are transferred into the
oviduct. Visualization of the first air bubble in the oviduct is evidence that the tip of the pipet is in
the oviduct, while visualization of the second air bubble confirms that embryos were placed in the
oviduct and the pipet can then be withdrawn. For uterine transfer (on the left), the tip of the uterus
is exteriorized and held in place using the ovarian fat pad. The ovary is checked for corpora lutea.
The uterine wall is punctured into the lumen with a 25-G needle, while avoiding capillaries. The
transfer capillary is inserted into the puncture and embryos expelled using the air bubbles as

markers so that oil is not placed in the uterus.

technically more cumbersome, will provide an
estimate of transgene copy number, and is used
by many to confirm PCR results. Once potential
founders are identified, they are raised to sexual
maturity and mated to non-Tg mice of the
desired background strain. The offspring are
tested for transmission of the transgene using
the same assay as used for the parents. Mice
that test positive for expression of the transgene
can then be legitimately designated as founders
for that specific line.

Interpretation of transgene expression can at
times be a daunting task. The integration site
can have a major influence on expression be-
cause a transgene may be incorporated into a
“silent” region of the genome, so expression of
the transgene will not be detected, or detected
only at very low levels. Of more concern is
whether active integration of the transgene dis-

turbs the expression of endogenous host genes,
resulting in an inadvertent phenotype. There-
fore, it is essential to demonstrate that overex-
pression of a transgene is responsible for a
specific phenotype by observing at least two
and preferably three Tg lines from different
founders. Evidence that the phenotype was due
to the overexpression of the transgene in ques-
tion would be conclusive if similar phenotypes
were observed in separate founder lines.
There are several patterns of transgene trans-
mission in founder mice. Most founders will
transmit their transgene to 50% of their oft-
spring. If 30% or less of the offspring are
positive for the transgene, the founder is prob-
ably mosaic. Founder mice with 80% or more
positive offspring may have more than one
integration site. Southern blotting will help
verify insertion sites. Offspring of founders
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should transmit the transgene in a Mendelian
fashion. However, loss of the transgene in sub-
sequent generations has been observed (Gor-
den, 1993). The goals of breeding the founder
mice are: (1) to observe the inheritance and
expression patterns of Tg lines through several
generations; (2) to expand the colony to provide
mice for experimental study; and (3) to produce
transgene homozygosity for comparison with
the heterozygous state.

Mice can be mated when they are sexually
mature, at 6 to 8 weeks of age. Tg founders are
mated to the inbred strain of choice, but one of
the most commonly used strains is C57BL/6. It
takes six generations of mating onto the C57BL/6
background to obtain at least 99% of the Tg
background as C57BL/6. It will then be possible
to control for the influence of genetic background
on gene expression by comparing Tg mice with
normal C57BL/6 mice. Sexually mature female
mice cycle every 3 to 4 days and have a gestation
time of 19 to 21 days, so pups should be born
within a month of breeder setup. If no pups are
produced within 1 month, mice caged with a
potential Tg founder should be replaced. It is
possible that Tg founders may be infertile as a
result of Tg expression or other unknown causes.

The production of homozygous Tg lines en-
tails additional analysis to identify the first ho-
mozygotes. This is done by Southern blotting and
genetic testing (Gorden, 1993). A potential ho-
mozygous Tg mouse is mated to several naive
mice, and if all offspring are DNA-positive (as-
suming a minimum of 14 offspring tested), there
is reasonable assurance the founder is homozy-
gous. Additional test breeding will be necessary
to ensure that homozygosity is maintained. There
isalsotherisk that Tg expansion of ahomozygous
Tg line may result in a phenotype unassociated
with the transgene, since ~10% of transgene in-
tegration events interrupt an endogenous gene
involved in normal development. If homozygos-
ity provides no scientific advantages, Tg lines
should be maintained in the hemizygous (het-
erozygous for the transgene) state—i.e., in which
the transgene is on only one chromosome.

PRODUCTION OF Tg MICE BY
GENE TARGETING

Embryonic Stem Cell Culture

ES cell lines are derived from the inner cell
mass of mouse embryos at embryonic day 3.5
(E3.5, where EO.5 is the day of plug; Fig. 1.3.4).
ES cells can give rise to teratocarcinomas and
teratomas when placed in an extrauterine site
within a host mouse. They are not contact-in-
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hibited in vitro and are able to grow in suspen-
sion, which are hallmarks of transformed cells.
Thus, they form an interesting link between
tumor formation and normal development. The
aim of successful ES cell culture is to retain
developmental capability so that when the cells
are reintroduced into an embryo host, they can
participate in development of an individual to
make achimera, i.e., an animal comprising cells
from both the host embryo and the ES cells.
Under most circumstances, it is desirable that
among the tissue contributions, ES cells par-
ticipate in the germ-cell lineage and thus trans-
mit genetic changes introduced into ES cells
into the germ line of chimeras. The doubling
time (18 to 24 hr) of ES cells and the ability to
retain germ-line potential (totipotency) in cul-
ture allow rare, induced genetic mutation
events to be detected and the cells containing
the desired mutation to be clonally grown and
analyzed for reintroduction into embryos.

ES cells in culture have a remarkable ability
to differentiate. Growth factors that interact
with the leukemia inhibitory factor receptor
(LIFR) subunit suppress ES-cell differentiation
(Gearingetal., 1991; Rose et al., 1994; Pennica
et al., 1995). Because ES cells are not contact-
inhibited and lack the architectural elements
that facilitate movement on a tissue culture
plate, they tend to pile up as they divide (Fig.
1.3.7A). If cells are trapped within a cell cluster
and lose direct exposure to growth factors bound
to the feeder layer and/or in soluble form in the
medium, the internal cells of the cluster influ-
ence the outer layer to differentiate into endo-
derm cells, which then gain contact inhibition
and grow in a characteristic fashion (Fig.
1.3.7B and C). ES cell culture to eventually
generate mutations in the germ line is primarily
an effort to keep the cells in small, undifferen-
tiated colonies, and so requires frequent pas-
sage accompanied by thorough dispersion of
colonies using trypsin-EDTA. Passaging the
cells every 2 days at three densities is useful for
routine maintenance. Ideally, the culture me-
dium should be changed daily. In general, ES
cells thrive best in the presence of other ES cells,
but are extremely fragile under pH conditions
fluctuating too far from 7.2. Consequently, suc-
cessful maintenance is a balance between keep-
ing the cell density high enough without overly
acidifying the medium by crowding. It is better
to err on the side of lighter cell density as acid
(yellow) medium can destroy the ES culture
germ line potential overnight.

Isolation of ES lines from various mu-
rine strains has met with varying success
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Figure 1.3.7 ES cells growing in vitro. (A) Small colonies of ES cells growing on a fibroblast feeder. The
large arrow points toward an undifferentiated colony. Note the bright edge indicating that the colony is
mounding as the cells divide. The small arrow points toward a flattened colony. Normal cultures contain
both colony morphologies. Whether a flattened morphology is an indicator of early differentiation has not
been determined. When passaging ES cells for injection into embryos, the aim is to have approximately
three-fold more colonies of either morphology within this size range per unit area on the day of injection.
(B) Undifferentiated ES cells growing for 4 days in the absence of a feeder, with added LIF. The arrow
points to an area of vacuole formation that indicates stress due to crowding. (C) Differentiating ES cells
growing for 4 days in the absence of a feeder layer,without added LIF. The arrow points to the leading
edge of an ES colony that has differentiated into endoderm. Note the presence of cells that remain

undifferentiated.

(Doetschmann et al., 1985; Ledermann and
Biirki, 1991; Roche et al., 1995). If it is impor-
tant to have specific strain backgrounds other
than 129, it may be most effective to chose an
ES line of that particular strain, if available. ES
cell culture conditions have become fairly
standardized; however, it is beneficial to obtain
and follow the culture conditions used to isolate
and establish the ES line. Lines that are trans-
ferred between laboratories,such as R1 (Nagy
etal., 1993) and D3 (Doetschmannetal., 1985),
are coming into common use, as are the culture
conditions to maintain them. Abbondanzo et al.
(1993) and Wurst and Joyner (1993) provide
excellent protocols for ES culture techniques.
ES cells are routinely grown on a gelatinized
plate in medium supplemented with 103 U/ml
leukemia inhibitory factor (LIF) and/or on a
growth-inactivated feeder layer plated on a ge-
latinized plate. When ES cells were first de-
rived, they were grown on fibroblast feeder
layers (Evans and Kaufman, 1981; Martin,
1981). Subsequently, it was determined that
LIF suppresses differentiation in ES cells and
that fibroblast feeder cells commonly used to

support ES cells make LIF (Smith et al., 1988;
Williams et al., 1988). However, all fibroblast
feeders are not equal in their ability to maintain
undifferentiated cultures (Suemori and Nakat-
suji, 1987) nor is LIF alone as a medium sup-
plement as good as a fibroblast feeder layer in
maintaining an undifferentiated culture
(Nichols et al., 1990). Consequently, it is rec-
ommended that a feeder layer be used for ES
growth and that the feeder layer be derived from
mid-gestation mouse fetuses (primary murine
embryonic fibroblasts or PMEFs) and carried
as anonestablished line for only eight passages.
PMEFs can be successfully frozen; therefore,
low-passage PMEFs can be stockpiled. The use
of feeders in conjunction with positive selec-
tion drugs requires that the feeder cells contain
a gene that confers resistance to selection. This
can be accomplished by deriving PMEFs from
pregnancies in transgenic mice carrying the
selection marker. If selection-resistant PMEFs
are unavailable, some ES lines can endure cul-
ture in the absence of feeders on a gelatinized
plate in medium supplemented with LIF for the
time it takes to select resistant clones.
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PMEFs, either proliferating or growth-ar-
rested, as well as ES cells, are routinely held in
liquid nitrogen frozen storage using standard
tissue culture protocols. Bulk freezing of ES
parent stocks is recommended because ES cells
candriftrapidly in culture. A routine of thawing
a new batch of parent cells prior to vector
introduction helps to keep the transgenic lines

frozen for the duration of analysis so that the
cells destined for injection into embryos for
chimera production are at as low a passage
number as possible Figure 1.3.8 illustrates the
passaging routine.

Abnormal variants continue to arise even
under the best of culture conditions and are
especially problematic if the ES culture has

become contaminated by mycoplasma. Unfor-
tunately, variants that no longer retain germ-

atas low a passage number as possible. Follow-
ing DNA transfection, ES cells should be stored
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Figure 1.3.8 Comparison of number of passages of ES cells required following PCR versus
Southern analysis of targeted events. Beginning with electroporation, represented by the rectangle
in the upper center, passage numbers, on the right, are shown. During passage 1 the cells are
grown clonally in the presence of selection drug(s). Picking colonies for growth in individual wells
on a 96-well plate is passage 2. Half of each colony is pooled with other colonies for PCR analysis,
represented on the left, while the entire colony goes into the well for mini-Southern analysis,
represented on the right. Further divergence between culture methods occurs upon handling
passage 3 plates. In the case of PCR analysis, on the left, the cells are passaged onto individual
wells of a 24-well plate containing a feeder layer for eventual frozen storage of positive clones at
passage 5 and without a feeder layer for Southern analysis of positive clones, also at passage 5.
Mini-Southern analysis (on the right) requires freezing of the cells on the passage-3 96-well plate,
while the sister plate is used for mini—-Southern analysis. When successfully targeted colonies are
identified, those colonies are thawed and passaged for bulk frozen storage and standard Southern
analysis, as with the PCR scheme on the left. These represent ideal passage conditions. One
passage should be added if initial isolated colony growth (passage 2) is poor.

Current Protocols in Toxicology

Toxicology Models

1.3.15



Transgenic
Animals in
Toxicology

1.3.16

line potential are not readily obvious by gross
phenotype. Karyotypic analysis for chromosome
number, or more finely by G or C banding (e.g.,
Abbondanzo et al., 1993), is helpful in analyz-
ing colony drift and clonal loss of germ-line
potential. Parent ES cell cultures that have
drifted from the norm can be rescued by cloning.

Homologous recombination vectors are
commonly transfected into ES cells via electro-
poration. The vector stock should be at a con-
centration of ~1 mg/ml, linearized (Ramirez-
Solis et al., 1993), and free of toxic contami-
nants such as ethanol, ethidium bromide, and
excess salt. ES cells, passaged 1 day prior to
electroporation, should be growing densely in
small colonies. Reports of the number of cells
and amount of vector used for electroporation
vary. Median amounts are 2 X 107 ES cells in
PBS (without Ca>* and Mg?*) containing 25 g
vector. Electroporater settings vary from unit
to unit. A short, high-voltage electrical pulse is
applied to the ES-vector mixture. Pores form
in the ES cell membrane that allow entry of the
vector. Ideally, an immediate upshot of success-
ful electroporation is 50% killing of the ES
cells, as assessed by the trypan blue exclusion
test of cell viability. This is a useful method to
predetermine effective electroporater settings.
DNA can also be injected directly into the
nucleus by monolayer microinjection (Zimmer
and Gruss, 1989). Although homologous re-
combination is efficient enough following mi-
croinjection so that no selection marker is re-
quired, the technique requires expertise and
expensive equipment and is not commonly re-
ported.

Following electroporation, the cells are
plated either directly onto gelatinized plates in
medium containing LIF or onto selection-resis-
tant feeders. Reported cell densities vary; how-
ever, the aim s to plate the cells sparsely enough
so that overgrowth prior to selection taking
effect does not occur, and so that the cells are
not plated so sparsely as to be wasteful of
medium. Positive selection drugs, such as neo-
mycin, vary in effectiveness from batch to batch
and should be tested for complete killing of
parent ES cells prior to use for selection of
integration. One day after electroporation, the
selection drug or drugs are added to the plates.
Negative selection with ganciclovir may be
responsible for lowered germ-line potential of
resulting clones, so it is present for only 4 days,
while the positive selection drug is present for
the duration of selection, or 7 to 12 days. Cul-
tures require frequent fluid changes prior to and
during the death of nonresistant cells.

When colonies of resistant cells can be de-
tected they are picked and dispersed. Colonies
destined for PCR analysis are divided in half
between cells designated for further culture on
a feeder (individual wells on a 96-well plate)
and pools with a few other clones to be imme-
diately analyzed by PCR (Fig. 1.3.8). Colonies
destined for initial analysis by mini—-Southern
blot analysis (Ramirez-Solis et al., 1992, 1993)
are placed individually in one well of a 96-well
plate. At this point, the aim is to grow the cells
sufficiently to complete analysis by PCR, and
to do this rapidly enough to passage only can-
didate clones for further analysis and bulk fro-
zen storage. Alternatively, if analysis is by a
mini-Southern approach, the aim is to grow
only enough cells for frozen storage so as to be
able to retrieve interesting clones during analy-
sis. Again, it is important to freeze the cells at
sufficient density and at the lowest passage
number possible for successful thawing and
chimera production. See Ramirez-Solis et al.
(1993) and Wurst and Joyner (1993) for stand-
ard electroporation and selection protocols.

Production of Chimeras

Early mouse embryos are able to incorporate
ES cells into the inner cell mass, which allows
functional contribution of the introduced cells
to all tissues of the resulting pup. Because there
is no intracellular mixing of genetic material
between host embryo and ES cell, the resulting
mice are chimeras. The entire effort of ES cell
culture in regard to production of transgenic
mice is to maintain the potential of ES cells to
participate in the murine germ line so that
induced genetic alterations will be inherited.
Consequently, it is important to verify that ES
culture conditions are sufficient to achieve this,
by directly testing parental ES cell lines prior
to genetic manipulation for germ-line potential.

The most frequently used ES lines are male
(XY) for several reasons. Male ES cells con-
tribute functional gametes to a male host em-
bryo, resulting in a gamete mix derived from
ES cells and host embryo. Female ES lines tend
to lose one X chromosome upon culture to
become XO. The female ES cells containing an
XO or XX chromosome complement are viable
in the resulting germ line of female host em-
bryos; thus only female chimeras will transmit
the ES genotype (Robertson, 1986). A strong
male ES contribution can switch the phenotype
of afemale embryo to male. When this happens,
the host embryo can no longer contribute cells
to the germ line, and resulting functional gam-
etes are completely ES derived (Robertson,
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1986). Thus, a good male ES line will skew the
offspring sex ratio to predominately male.
However, this also means that many of the
phenotypic males may be sterile due to incom-
plete sex conversion. Some male ES lines do
not skew the sex ratio of resulting chimeras and
can transmit through a female chimera, pre-
sumably due to partial or total loss of the Y
chromosome, resulting in XO ES cells (Kuehn
et al., 1987). Establishment of a mutation pro-
ceeds more quickly through founder male chi-
meras; however, it can proceed through female
chimeras when the ES line is an XO or XX
female.

ES cells should be passaged 1 to 2 days prior
to injection, at different densities to ensure that
on the day of injection there will be one plate
that is seeded relatively densely with small
colonies (Fig. 1.3.7A). Cells from plates older
than 2 days do not trypsinize well, resulting in
poorly dispersed ES cell aggregates containing
cells that have begun to differentiate.

Sparse plates result in a high feeder-to-ES
cell ratio, making ES cell selection under the
microscope tedious. Feeder cells can be par-
tially removed by preplating; however, this
technique can increase the incidence of cell
aggregates. Disaggregated ES cells are resus-
pended in injection medium and held at 4°C
until use.

Choice of host mouse strain will depend on
the strain origin of the ES cells. Initial studies
on interstrain chimeras (Mintz, 1965, 1969)
were suggestive as to useful, commonly avail-
able strain mixtures for successful chimerism.
Most ES lines are derived from various sub-

strains of 129 and contribute efficiently within
CS57BL/6 host embryos. ES cells from the 129
strain can carry white, chinchilla, or black
agouti coat colors. All potential 129 coat colors
contrast sufficiently with black to identify ex-
tent of coat chimerism. C57BL/6 ES cells con-
tribute well within white BALB/c host em-
bryos. ES cells, particularly of 129 origin, can
be so efficient at populating the C57BL/6 host
embryo that there has been no need to identify
a more suitable host. Optimization of embryo
host strain for non-129 ES lines remains to be
elucidated.

Chimera production can be divided into three
basic tasks: embryo production, microinjection
(or aggregation), and transfer. Superovulation
of immature females for embryo production is
identical to methods used to obtain pronuclear-
stage embryos. The use of naturally mated adult
females results in lower numbers, but higher
quality embryos. See Hogan et al. (1994) for a
natural mating protocol. Flow in the murine
reproductive system is unidirectional, so that
nothing can flow retrograde from the uterus
into the oviduct. Embryo recovery method is
determined by the stage and method chosen to
place ES cells into the embryo. Eight-cell
(E2.5) embryos are collected from within the
oviduct at the utero-tubal junction (Fig. 1.3.9A)
while morulae and blastocysts (E3.5) are col-
lected from the uterus (Fig. 1.3.9B). See Nagy
and Rossant (1993) for eight-cell embryo col-
lection methods; see Papaioannou and Johnson
(1993) for blastocyst collection methods.

There is no consensus on the best medium
for either embryo holding, injection, or culture.

Figure 1.3.9 Direction of uterine flush. (A) Retrograde flush requires that the tip of the uterine
horn be removed so that flush medium can flow out. (B) Flush through the oviduct through the
utero-tubal junction allows flush collection through the cervix.
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Medium for holding embryos in an air atmos-
phere needs to be buffered for air, using either
a phosphate buffer or a bicarbonate-buffered
medium containing HEPES. Culture require-
ments for mouse embryos from the eight-cell
stage onward are less demanding than for ear-
lier stages. However, limiting metabolic activ-
ity by reducing the temperature below 37°C and
limiting time under substandard culture condi-
tions are aims when working with morula and
blastocyst stages. With this in mind, embryos
can be successfully flushed, held, injected, and
transfered in M2 medium (Quinn et al., 1982).
Other medium options are described by Hogan
etal. (1994), Stewart (1993), and Papaioannou
and Johnson (1993).

Microinjection is the most common route
for placing ES cells into embryos. Eight-cell
(E2.5) to blastocyst (E3.5) stages can be used
for microinjection, while embryo aggregation
relies on the use of precompacted eight-cell
embryos. Micromanipulation equipment is
similar to that described for pronuclear injec-
tion. However, microscope optics need not be
as refined nor as powerful because the cell
interior does not need to be visualized, as is the
case for pronuclear injection. Therefore, phase
contrast at 100X magnification is sufficient to
selecthealthy looking ES cells with clear, round
morphology, and to determine the location of
trophoblast cell junctions. Insertion of the in-
jection needle at the junction between tro-
phoblast cells will allow successful entry into
the blastocoel without occlusion of the needle
tip with cytoplasm, which could occur as a
result of cell lysis (Fig. 1.3.10). Because phase
contrast is sufficient to visualize the microin-
jection process, the injection chamber can be
plastic. The lid of a 35-or 100-mm petri dish is
sufficient to contain the injection droplets cov-
ered in oil. Use of a cooled chamber is optional.
Holding ES cells at 4°C until they are placed in
the injection chamber increases the time they
can be held in suspension for injection. ES cells
aggregate into unworkable clumps after 30 to
60 min at room temperature. Cells in the cham-
ber need to be replaced with cooled cells when
the existing cells become difficult to aspirate.

Microinjection of ES cells into embryos
using micromanipulation requires the use of
two specific tools, an embryo holder and an
injection needle (Fig. 1.3.10). These require the
use of specialized equipment to pull and bend
the capillary tubing and generate the required
tips. Embryo holders are the same as those used
for pronuclear injection. Control of pressure on
the injection needle ought to be fine enough to

allow slow, easy ES cell aspiration and expul-
sion. Cleaning the interior of the needle using
acid or sonication is useful to improve flow. The
forces required for DNA microinjection may
make the injection apparatus used for pronu-
clear injection too insensitive for ES cell injec-
tion. This is easily remedied by using a larger-
diameter oil line. Fluorinert (Sigma) as a buffer
between the oil in the line and the injection
medium helps to increase control. ES cells are
injected into the space between the uncom-
pacted eight-cell embryo and the zona pellu-
cida, into the center of a compacted eight-cell
embryo or morula or into the blastocoel of a
blastocyst, whether unhatched or hatched. The
most difficult stage to inject is the hatched
blastocyst, because trophoblast junctions are
extremely tight while the embryo is difficult to
hold firmly without a zona pellucida to prevent
inadvertent collapse of the blastocyst. Glass
pipets used for moving embryos from dish to
dish are similar to the embryo transfer pipet and
are made without using specialized instru-
ments. See Papaioannou and Johnson (1993)
and Stewart (1993) for overall manipulation
setups and injection protocols. Another method
of ES cell introduction into embryos is via
aggregation to eight-cell embryos. This avoids
the use of expensive toolmaking and microin-
jection equipment and can be as successful as
microinjection (Nagy and Rossant, 1993).
Embryos can be transferred into either the
oviduct or uterine lumen of E2.5 pseudopreg-
nant recipients (Fig. 1.3.6). Suitable recipient
mice are obtained as described for transfer of
pronuclear-injected embryos. Uterine transfer
is convenient due to its simplicity, but care
should be taken to avoid introducing blood into
the lumen or causing uterine contractions
through rough handling. Pups are born ~18
days after transfer. Detection of chimerism is
possible as early as 3 days later, but cannot be
quantified until hair grows in, 5 to 7 days after
birth. See Papaioannou and Johnson (1993) and
Stewart (1993) for embryo-transfer techniques.
Extent of ES coat color contribution is used
as a measure of potential germ-line contribu-
tion. However, coat color is not directly corre-
lated with the germ-cell lineage in that the
extent of chimerism in all tissues within the
chimeric pup may not be uniform (Lallemand
and Brulet, 1990; C.B. Ware, unpub. observ.).
A rule of thumb is to use only male chimeras
where 250% of the coat color is from the ES
contribution for testing germ line transmission
of the induced mutation. This rule can be bent
under circumstances where strong male chime-
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Figure 1.3.10 Embryo microinjection of ES cells. (A) Side view of the injection-droplet arrange-
ment. Embryos and ES cells are placed in the droplet, which is overlaid with mineral oil. The two
injection tools enter from opposite sides of the droplet and have an elbow bend that allows the tools
to rest almost parallel with the plate bottom. (B) Tools used for injection. An embryo holder (left)
should be about the size of an embryo, including zona pellucida, 80 to 100 um, with an opening of
25 to 50 um. Sizing is determined by individual preference. The injection needle is on the right. It
has an internal diameter equivalent to the diameter of an ES cell (~18 to 20 um). The tip has a 45°
bevel and is sharpened. The orientation of the bevel when looking under the microscope is such
that the tip is either on the bottom or on the top of the bevel (as shown). (C) The embryo is held with
the holder. The inner cell mass is represented by a darkened semicircle on the left of the embryo.
The injection needle is filled with ES cells and is approaching a trophoblast cell junction. (D) The
needle is pushed through the cell junction and 10 to 15 cells dropped within the blastocoel. (E) The
injection needle is withdrawn. A meniscus is seen between the medium and Fluorinert. (F) The

embryo collapses around the ES cells.

ras are rare and the low frequency of targeted
mutation events does not allow testing of alter-
nate clones.

The genetic background of the 129 mouse
strain is questionable (Threadgill et al., 1997).
Chimeras generated from a 129 ES background
are usually mated onto a better characterized
strain with superior breeding performance. If
kept on a 129 background, coat color frequently
will not indicate germ line transmission, so
offspring would have to be genotyped for the
targeted mutation. Many mutations have been
successfully analyzed on several generations of
an F2 background. For example, test mating of
chimeras is often accomplished with C57BL/6
females. The resulting black offspring are de-
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rived only from the host embryo background.
Black agouti offspring are derived from ES cell
contribution, due to coat color genetics of all
the ES 129 substrains. These pups are further
tested, using tail or ear biopsies, to determine
whether the wild-type or the targeted allele was
transmitted. Pups determined to be heterozy-
gous (+/-) for the mutation are retained for
breeding. Atthis point, a decision must be made
whether to breed closer to an inbred back-
ground and/or to breed to homozygosity. In this
example, mating the +/—animal to wild-type
C57BL/6 will bring the resulting pups closer to
C57BL/6 at a rate of 50% C57BL/6 contribu-
tion per generation. Each generation must be
genotyped and only +/—animals must be bred
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to C57BL/6. Three generations of crosses to
CS57BL/6, including the initial chimera mating,
will bring the line to 87.5% C57BL/6. Seven to
eight generations and more than 1.5 years later,
the line is >99% C57BL/6, though drifted
somewhat from C57BL/6 (Green, 1966). It is
particularly unfortunate that genes in proximity
to the targeted mutation are the least likely to
be brought onto the C57BL/6 background.
Once the line is predominantly C57BL/6,
brother-sister matings will be the most rapid
way to bring loci linked with the induced mu-
tation to homozygosity (Green, 1966).
Breeding directly to homozygosity means
+/— brother to +/— sister mating of offspring
from chimera matings. If the chimera was not
mated to a female of the ES strain, the back-
ground will be a random mix of ES cell and
maternal strain backgrounds. Consequently,
controls cannot be considered identical, nor
might the resulting phenotype be as consistent
among individuals as desired. In this situation,
within-litter controls are the best available;
however, independent wild-type or +/—brother-
sister matings of the same generation can serve
as useful controls. Depending on the target
mutation, this may not be critical for successful
biological analysis. However, the importance

of having a genetically defined background for
analysis may not be apparent during conceptu-
alization of experimental design. Relevant to
previously existing data, use of ES cells that are
derived from an inbred background, such as
C57BL/6, can overcome these difficulties (Fig.
1.3.11 and Fig. 1.3.12).

Tissue biopsy is usually taken from the tail
as described for overexpression transgenics
(see Production of Tg Mice by Pronuclear Mi-
croinjection). Frequently, the various targeted
mutation genotypes can be easily identified
using PCR for the positive selection marker in
combination with primers to amplify the wild-
type gene. Less tissue is required for PCR, so
ear-biopsy tissue is sufficient for analysis. DNA
extraction and analysis follow standard proto-
cols. If PCR analysis is efficient, it may be
convenient to use a quick DNA extraction,
without cleaning away contaminating protein.
It is advisable to look at the mutation in +/—
pups from chimera matings using the same
restriction digests used when selecting ES
clones for chimera production, followed by
Southern analysis. This will verify that no con-
founding rearrangements have occurred when
the mutation passed through the chimera germ
line.
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Figure 1.3.11 Breeding scheme to derive homozygous mutant animals from injection of targeted
C57BL/6 ES cells into Balb/c blastocysts. The diagram at the top represents a BALB/c embryo being
injected with C57BL/6 ES cells. The strain coat colors are represented by a white inner cell mass
and black ES cells. The injected embryo results in a chimeric male (spotted animal on the left). It is
mated with a C57BL/6 wild-type female. Paternal inheritance of the offspring is from either the host
embryo (light gray animals, F1 between C57BL/6 xBALB/c, on the right) or from the ES cells (inbred
C57BL/6 animals). ES cell contribution is either from the wild-type allele (+/+, black animals on the
right) or the targeted allele (+/-, black animals on the left). Heterozygous brother-sister matings
result in inbred C57BL/6 homozygous targeted (—/-), +/-targeted and +/+ animals.
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Figure 1.3.12 C57BL/6 ES xBALB/c embryo chimeric mouse mated with wild-type
BALB/c female, with their offspring. Pups are all derived solely by germ-line
transmission of the C57BL/6 ES genome from the father. Consequently, all the pups
have a brown coat color (C57BI/6 from the chimeric father and BALB/c from the
mother). If the targeted mutation is transmitted in a Mendelian fashion, half of these
pups carry the targeted allele (+/-). Had the host embryo contributed to the germ
line of the chimera, pups would be white (BALB/c from the chimeric father and

BALB/c from the mother).

The resulting phenotype of targeted muta-
tions is unpredictable, and may lead to devel-
opmental lethality. In this case, if +/— animals
are viable and fertile, the mutation can be car-
ried in this state and the offspring of +/— mat-
ings can used for phenotype analysis. Study of
+/— animals prior to mutation-induced death is
required if the mutation is dominant lethal or if
the +/— animals are infertile. If the gene is
critical in the heterozygous state for gamete or
vital-system function, chimeras and in vitro
differentiation may be the only route for phe-
notype analysis. See Papaioannou and Johnson
(1993) for a description of animal husbandry.

COLONY MANAGEMENT

An ideal record-keeping system should al-
low the recording of data of all activities within
the breeding colony, including individually
identifying each mouse and its ancestry, breed-
ers set up and pups born, and experimental
phenotypes unique to each mouse. All mice
born within a Tg colony should be individually
identified. Ear tags are commonly used because
they are relatively permanent, inexpensive, and
easy to apply starting at 3 weeks of age. Other
methods include toe and ear clipping and tattoo
application. All data for lines within a Tg col-
ony should be recorded so that phenotype pat-
terns can be accurately evaluated on a retro-

Current Protocols in Toxicology

spective basis. Records should be maintained
in a format that allows for rapid and clear
determination of the relationships between col-
ony components. This can be done by simple
hand entry of data into a breeding notebook, or
by more elaborate maintenance on a computer
spreadsheet. The authors use a standard Excel
spreadsheet to maintain a Master List of every
mouse that is ear tagged. Ear tag numbers
consist of a two-digit letter code and a numeri-
cal code of up to four digits. The Master List
contains birth date, transgene name, genera-
tion, line, sex, parents, phenotype and geno-
type, and information about the specific pro-
ject. A pedigree should be established for each
founder mouse that is mated. Customized cage
cards can be printed for breeder cages to pro-
vide a summary of the breeding activity for
each cage. Customized weaning cards can be
used to record the line and ear tag numbers so
weanlings can be readily located and tracked.
A separate spreadsheet file should be used for
breeding records, containing birthdates of lit-
ters, number of pups born and weaned per litter,
ear tag numbers for pups, breeder setup date,
breeder retirement date, strain, generation, line,
and comments. Computer software packages
specifically for mouse colony record keeping
have been developed and are commercially
available (Silver, 1993).
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Because it requires a considerable effort to
generate a Tg line, it is prudent to be sensitive
to the health status of the mice and also of the
environment where they are housed. Many re-
searchers opt to maintain Tg lines in specific-
pathogen-free housing facilities where the mice
and the environment are diligently monitored
for mouse pathogens. It generally costs more
to maintain mice under these conditions, but
complicating disease factors and loss of a Tg
line will be greatly minimized. This is particu-
larly appropriate where underlying disease
states compromise biological analysis, or
where analysis requires investigation in an un-
infected background. Another way to help in
the preservation of infection-free lines is to
store embryos under cryopreservation in liquid
nitrogen.

A registry of Tg strains and their charac-
teristics is essential to prevent duplication of
existing strains, to promote comparison among
related strains, and to maintain valuable Tg
models. The Oak Ridge National Laboratory
(Oak Ridge, Tennessee) has developed a data-
base for cataloging Tg animals, referred to as
TBASE, which is currently administered by
the Jackson Laboratory. To this end, an accept-
able standardized nomenclature for Tg animals
is necessary. Tg nomenclature must incorpo-
rate information related to both the methods
used to produce Tg mice and the diversity of
genetic elements that are inserted into their
germ line. The actual format has been stand-
ardized (Standard Nomenclature for Trans-
genic Animals, 1992) and starts with the sym-
bol “Tg” followed by a letter code for the mode
of trangenesis where “N” stands for nonho-
mologous recombination by pronuclear mi-
croinjection or electroporation, “H” stands for
homologous recombination, usually via tar-
geted ES cells, and “R” stands for retroviral
transfection. Following the letter for the mode
of transgenesis is a set of parentheses enclosing
relevant information about the transgene,
which generally should not exceed eight char-
acters. Finally, letter codes designating the
laboratory of origin complete the nomencla-
ture designed for Tg mice. Designation of the
founder strain precedes the nomenclature if the
background strain is maintained throughout
the breeding. An example of a typical lineage
nomenclature would be designated as follows:
FVB-TgN(pkrGe)551Wcl, where FVB stands
for the inbred strain, N for pronuclear microin-
jection, pkrGe for a genomic clone of the PKR
gene, and 551Wcl for the Tg founder mouse

number 551 in the laboratory of Warren C.
Ladiges.
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standard nomenclature and provides resources
available for assistance.

Hogan et al., 1994. See above.

Classic handbook for overall mouse embryo tech-

niques.

Joyner, A.L. 1993. Gene Targeting: A Practical Ap-
proach. IRL Press, Oxford.

Focuses on the protocols required for gene targeting
by homologous recombination.
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Wassarman, P.M. and DePamphilis, M.L. (eds.)
1993. Guide to techniques in mouse develop-
ment. Parts X and XI. Methods Enzymol. vol.
225.

Overall presentation of transgenic techniques.

INTERNET RESOURCES
http://tbase.jax.org/docs/tb.html

Web site for accessing TBASE, the transgenic/tar-
geted mutation database administered by The Jack-
son Laboratory.

http://www.lists.ic.ac.uk/hypermail/transgenic-list

Web site to pick up past messages from the trans-
genic list discussion, which is an informal discus-
sion on all aspects of transgenics.

http://www.med.umich.edu/tamc

The transgenic web site at the University of Michi-
gan, which contains access to a wide array of other
websites of use in the pursuit of transgenics.

majordomo @ic.ac.uk

E-mail address to join the transgenics list discussion
group. Message must include: subscribe transgenic-
list<name><e-mail address>.

Isilver @molbiol.princeton.edu

E-mail address for Dr. Lee Silver; to obtain informa-
tion on the mouse colony management software
Animal House Manager, which is a software pack-
age for keeping track of mouse breeding colonies.

http://www.informatics.jax.org/

The Mouse Genome Informatics Web site at The
Jackson Laboratory, which contains information on
mouse genetic markers, molecular segments, pheno-
types, comparative mapping data, experimental
mapping data, and graphical displays for genetic,
physical, and cytogenetic maps.

Contributed by Warren C. Ladiges and
Carol B. Ware

University of Washington

Seattle, Washington
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DNA Microarrays: An Overview of
Technologies and Applications to Toxicology

AIMS AND OBJECTIVES

The Genome Project and the technological
innovations that it spawned have dramatically
altered the future course of all biological re-
search, including toxicology. The GenBank da-
tabase already harbors billions of base pairs of
DNA sequences derived from millions of indi-
vidual sequence entries (http://www.ncbi.nlm.
nih.gov/Genbank/index.html). The first com-
plete genomic sequence to be completed almost
5 years ago was that of Heamophilus influenzae.
Since then, the genomes of more than two dozen
additional organisms have been completed and
made available to the research community
(http://www.ncbi.nlm.nih.gov/Entrez/Genome/
org.html). Continued improvement in high
throughput DNA sequence technology has
made it possible to complete the reference hu-
man genome sequence by the year 2001, several
years ahead of schedule. Exploiting the enor-
mous potential of genome-wide sequence infor-
mation will require the development of a battery
of new tools for high throughput and highly
parallel molecular analyses and commensurate
bioinformatics tools to analyze data sets of un-
precedented depth and complexity.

An increasing number of molecular tech-
niques continue to be developed for high
throughput analyses of gene expression and
genetic polymorphisms. Included among these
methodologies are automated DNA sequencing,
serial analysis of gene expression (Velculescu
et al., 1995), denaturing high performance lig-
uid chromatography (Underhill et al., 1996),
differential display (Liang and Pardee, 1992),
high-density filter hybridization (Zhao et al.,
1995), and highly sensitive mutation assays cou-
pled with iterative sample repooling strategies
(Zarbl et al., 1998). While each of these ap-
proaches has advantages and limitations, none
possess the versatility or potential of DNA mi-
croarrays, also known as DNA “chips”. The
unprecedented capacity of chips for highly par-
allel detection of RNA expression and/or DNA
variation at the genomic level suggests that
microarrays will play a major role in functional
genomics, the study of how genome-wide ge-
netic variation and patterns of gene expression
interact to produce complex biological re-
sponses.

The response of cells or organisms to toxic
stimuli is an example of such a complex re-

sponse, which ranges all the way from the
induction of a specific xenobiotic metabolizing
enzyme to the induction of cellular suicide or
apoptosis. Except in the case where a toxicant
induces immediate cellular destruction, toxi-
cants invariably induce an altered pattern of
gene expression in exposed cells. Moreover, it
is now well understood that polymorphisms in
genes comprising the toxic response pathways
can have a major effect on toxicity, while also
effecting the pattern of gene expression in cells
with the variant genotypes. The availability of
DNA sequence data and DNA microarray tech-
nologies provides toxicologists with the unique
opportunity to study these complex cellular
responses to environmental toxicants or stimuli
on a genomic scale, simultaneously observing
effects on all cellular components and the effect
of genetic polymorphisms. This combination
of genomics and toxicology has been deemed
toxicogenomics (Nuwaysir et al., 1999) and is
expected to impact all areas of environmental
research. The purpose of this unit is to provide
an overview of the currently available, state-of-
the-art DNA microarray technologies. Specific
protocols are not presented because they are
evolving at a very rapid pace and some remain
proprietary. Instead, potential applications to
the science of toxicology are discussed with
emphasis on present limitations and potential
pitfalls associated with use of these technolo-
gies, and whenever applicable suggest possible
mitigating experimental approaches.

DEVELOPMENT OF DNA
“CHIPS”: A QUANTUM LEAP IN
MOLECULAR DETECTION
TECHNOLOGY

Oligonucleotide Arrays

Allele-specific oligonucleotide (ASO) hy-
bridization for detection of specific DNA se-
quence changes was developed in the early
1980s (Conner et al., 1983). The availability of
ASO technology prompted several groups to
independently propose the use of oligonu-
cleotide hybridization on a large scale as a
method for sequencing DNA. The first strategy
proposed involved the arraying of individual
sequences of interest (targets) onto membrane
filters, which would then be sequentially hy-
bridized with a large number of individual oli-
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gonucleotide probes (Drmanac et al., 1989).
Since each labeled target molecule hybridizes
specifically to its complementary oligonu-
cleotide probe, this approach allows for highly
parallel extraction of sequence information
from a single hybridization. If many thousands
of clones were arrayed on a single membrane,
ASO hybridization with even a single oligonu-
cleotide could yield hundreds of base pairs of
sequence information. However, this strategy
required the synthesis of a large number of
oligonucleotide probes, each of which would
then be individually labeled and sequentially
hybridized to each array.

The alternative approach was to array a large
number of oligonucleotide probes on a solid
support, and then hybridize the array with la-
beled DNA (target) from the cells of interest
(Fodor etal., 1991; Khrapko et al., 1991; South-
ernetal., 1992). Several methodologies, includ-
ing micro-injection of synthesized oligomers
into patches of activated polyacrylamide
(Khrapko et al., 1991) and the coupling of syn-
thesized oligomers to surface-modified glass or
polypropylene, were independently developed
in a number of laboratories (Maskos and South-
ern, 1993; Matson et al., 1995). However, array-
ing a large number of individual oligonu-
cleotides to a solid support represents a formi-
dable technical challenge as the number of
probes increases. The limitations imposed by
arraying individual probes could only be over-
come by in situ synthesis of the individual oli-
gonucleotides at spatially addressable sites on
the solid support. The latter approach requires
the precise and sequential delivery of chemical
reagents to individual positions on the solid
support. These prerequisites were satisfied by
using “masks” that allow the sequential protec-
tion and deprotection of specific areas of the
surface from reaction synthetic reagents (Fodor
et al., 1991; Southern et al., 1992). By using
combinatorial methods of chemical synthesis
and sequential masking of the reactive surface,
it is possible to synthesize large numbers of
oligonucleotide sequences using a limited num-
ber of nucleotide coupling reactions. Given that
there are 4 possible nucleotides at any position
in an oligonucleotide, the number of sequences
that can be generated increases as a function of
4" where n is the length of the sequence. It is
theoretically possible to synthesize 4" se-
quences using n coupling reactions.

Among the procedures developed for in situ
synthesis of oligonucleotides is the use of chan-
nels formed by sealing the surface with a chemi-
cal mask, guiding the precursor molecules to the

appropriate areas on the surface (Southern et
al., 1992). Channel plates can apply the re-
agents in strips with a resolution of 1 cm. An
alternative approach being developed is the use
of modified inkjet printer heads to, in effect,
spray the reagents onto a designated address on
the surface (Marshall and Hodgson, 1998). In
this technology, the “masks” are defined by the
two-dimensional displac