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Preface

Biomedical sciences’ use of animals as models to help understand and predict responses in
humans, in toxicology and pharmacology in particular, remains both the major tool for biomedical
advances and a source of significant controversy. On one hand, animal models have provided the
essential components for research and serve as the source that has permitted the explosive growth
of understanding in these fields, with a multitude of benefits to both humans and other animal
species. At the same time, the benefits of such use, balanced against costs in terms of animal lives,
potential suffering, and discomfort, have been subject to continuous criticism and questioning.

The questioning has stimulated significant and continuous advances in the humane use of
animals and understanding of the relevance of findings to what might happen in similarly exposed
people. These advances are reflected in this new edition of Animal Models in Toxicology. Every
section has been updated, and more guidance has been directed to specific uses of animals in
toxicology units.

Scientists have used animal models for so long that there is truth in the belief that many
researchers employ animals primarily out of habit, with little or no thought as to what the best
tools and the optimum ways of using them are. At the same time, although there are elements of
poor practice that are real, by and large animals have worked exceptionally well as predictive
models for humans—when properly used (Gad 1990; see also chapters 13 and 14 in this volume).

Regulations governing the purchase, husbandry, and use of animals in research have continued
to change over the course of the 21st century. Indeed, in some countries (and even cities in the
United States), such use has been banned and some sources made unavailable.

The real and most apparent problems underlying the failure of animal models arise primarily
from selecting the wrong model, in not using an animal model correctly, or in extrapolating results
to humans poorly. In addition, most graduate degree programs do not currently address these issues
well (if at all) in their curricula. Indeed, broad training in animal model selection and use, and the
techniques involved in such research, is currently available but not well utilized. This text originally
was developed to address these needs. Indeed, it is essential to the performance of good science
that the correct species be used as a model, and that data be analyzed appropriately.

Chapter 1 presents a historical review of the use of animal models and an overview of broad
considerations of metabolism and relevance to use in toxicology. The core of the book, however, is
in chapters 2 through 10. Each of these chapters represents the joint efforts of experts in toxicology
(addressing techniques for animal use and husbandry and peculiarities of the species as a toxicological
model), toxicological pathology, and species-specific metabolism. For an investigator who is not
well versed in the use of a particular species, each of these chapters provides an excellent introductory
“course,” along with guidance to the literature for more detailed understanding. All the major species
used (and strains or breeds within these species) are addressed in these core chapters.

Chapter 11 presents the case for a range of species (fish, pigs, earthworms, etc.) that are not
commonly used for safety assessment studies but that might provide useful alternative models for
some specific endpoints.

In chapter 12, Robert L. Hall presents and discusses the special considerations regarding the
evaluation and interpretation of clinical pathology of the eight major model species.

Chapter 13 addresses in detail the general case of how to select a model species and how to
extrapolate the results to humans. Chapter 14 details the pitfalls in the process—the situations that
cause either human or model to be significantly more sensitive than the other or totally irrelevant
to each other in specific cases.

Chapter 15 presents an overview of the regulations that govern how laboratory animals are
obtained, maintained, and utilized. Such laws have become increasingly complex, and an under-
standing of what can (and cannot) be done is essential for the modern researcher.



The Appendix provides a quick guide to the major commercial sources of laboratory animals,
whether common (rats and mice) or harder to come by (Chinese hamsters and primates). Information
on the selection and use of common anesthetics, drugs, and pharmacological agents for use in
laboratory animals is available in Borchards’ Drug Dosage in Laboratory Animals: A Handbook
(Telford Press).

The aim of this volume is to provide a single source reference for the use of animal models in
toxicology.

Shayne C. Gad

REFERENCE

Gad, S. C. (1990). Model selection in toxicology: Principles and practice. J. Am. Coll. Toxicol. 9, 291-302.



The Editor

Shayne C. Gad, Ph.D., DABT, has been the principal of Gad Consulting Services since 1994.
He has more than 30 years of broad-based experience in toxicology, drug, and device development;
document preparation; statistics; and risk assessment, having previously been director of toxicology
and pharmacology for Synergen (Boulder, Colorado), director of medical affairs technical support
system services for Becton Dickinson (Research Triangle Park, North Carolina), and senior director
of product safety and pharmacokinetics for G.D. Searle (Skokie, Illinois). Dr. Gad is past president
of the American College of Toxicology, a board-certified toxicologist (DABT), and fellow of the
Academy of Toxicological Sciences. He is also a member of the Society of Toxicology, Teratology
Society, Society of Toxicological Pathologies, Biometrics Society, and the American Statistical
Association. Dr. Gad has previously published 29 books and more than 300 chapters, papers, and
abstracts. He has contributed to and has personal experience with IND (he has successfully filed
more than 75 of these), NDA, PLA, ANDA, 510(k), IDE, and PMS preparation, and has broad
experience with the design, conduct, and analysis of preclinical and clinical safety and pharmaco-
kinetic studies for drugs, devices, and combination products. He is also a retired Navy captain with
extensive operational experience overseas.






Gary B. Baskin
Charles River Laboratories, Inc.

John C. Bernal
Charles River Laboratories, Inc.

Byron G. Boysen
Hazleton Wisconsin, Inc.

Zuhal Dincer
Scantox A/S

Charles H. Frith
Toxicology Pathology Associates

Dawn G. Goodman
Covance Inc.

Gillian Haggerty
Midwest Bio Research

Robert L. Hall
Covance Laboratories

Frederick G. Hess
BASF Corporation

Mark Johnson
MPI

Contributors

Karen M. MacKenzie
Independent consultant

Daniel E. McLain
Powderject

Glen K. Miller
G. D. Searle and Company

Joyce K. Nelson
Charles River Laboratories, Inc.

John C. Peckham
Experimental Pathology Laboratories

Clare M. Salamon
Takeda Global Research & Development Center

Mette Tingleff Skaanild
The Royal Veterinary and Agricultural University

Ove Svendsen
The Royal Veterinary and Agricultural University

Mark D. Walker
Charles River Laboratories, Inc.






Contents

Chapter 1
TNEEOAUCTION ..ttt sttt ettt et e st e e bt e s et e esbeessbeesbaessbesabeessbesnseessseanseessesnsesseenn 1
Shayne C. Gad

Chapter 2

THE IMOUSE. ...ttt ettt ettt ettt b et s b et sbt e bt s bt e bt e bt e s b e e st e bt estesbeeteebeeaeene 19
TOXTCOLOZY ettt ettt ettt et s ettt e st e st e e s st e e sbee s st e esseenssesnsaesstesabaesasennseens 24
Shayne C. Gad
PAINOLOZY ..ottt ettt ettt st s e et e et essbe e baessbe e beessbaesseesssaesaessseenseensseenns 72
Charles H. Frith, Dawn G. Goodman, and Byron G. Boysen
MEIADOLISTIL ...ttt ettt ettt sttt s e e bt et e bt e st e bt e sabeenaeesates 122

Shayne C. Gad

Chapter 3

THE RAL....eiiiiieiiecieeee ettt et e et e et e st e e teeetbeebeeesbeesbeessbaesseessseessaeassaensaeanseenseesssaenseennsenn 147
TOXICOLOZY vttt ettt ettt eae e st e e be e tee s abeessbesata e saaesseensaeansaenseesasaenseennsas 150
Mark D. Johnson
PAIROIOZY ..ottt ettt ettt et e s e e b e st b e sttt e et 193
Shayne C. Gad
MEIADOLIS ...ttt ettt ettt ettt sttt st e st e ba e s sbesabeesabeenbaesaseenseesanas 217

Shayne C. Gad

Chapter 4

THE HAMSTET ..cutiiitieieeeiieeteee ettt ettt e st e e bt e sat e e bt e sabe e beesabeebaesabeebeesatean 277
TOXICOLOZY .ottt ettt ettt e st e b e st e bt e st e b e sateesaeeeates 280
Shayne C. Gad
PATROLOZY ..ottt sttt sttt s e bt e st et e s et e e beesabe e bt e sabeebaesaseenbaenn 304
Frederick G. Hess
MEIADOLISTL........ceeeeeeieeeeeie ettt e e te et e st eeve e s eae e beesteessbeessseesseessaeesseeseesnseenseesnsaeseennsas 312

Shayne C. Gad

Chapter 5

The GUINEA PIZ ..couviiiiiiiiiiiii ettt ettt ettt be s besaaens 333
TOXTCOLOZY ettt ettt ettt ettt e st e st e s abe e s atesat e e bt e ssbeenbaesaseenbeesasaenseesasas 336
Shayne C. Gad
PAIROLOZY ...ttt ettt ettt e et e st e et e s b e ebeessbeessaeesbeenbeeessaenseesnsaeseeensas 371
John C. Peckham
MEEADOLISI ... et e et e e e e e et e e e e et e e e e e eeettaeeeeeeetrseeeeeentnreaeeas 400
Shayne C. Gad

Chapter 6

TRE RADDIL.....viiiiiiii ettt e et e e et e e et e e eeaaeeeeteeeeaeeeeesaeeeenseeeeteseenes 421
TOXICOLOZY .ottt ettt et s e e ae et e et e e teesabeessbesaba e saaesseensaeansaenseesasaenseennsas 424
Clare M. Salamon and Karen M. MacKenzie
PAIROLIOZY ..ottt ettt ettt ettt e b e st b e st b e st e et 449
John C. Peckham
MEIADOLISIIL.........ooceeeeeeee et ettt e e e e et e e et e e e e bt e e e taeaentbeeeasaeesaseeesnssessnseas 475

Shayne C. Gad



Chapter 7

THE FRITEE ... eietieiieeeecte ettt et st e et et e e teeetbe e beessbeesbeessbaenseessseensaaasseensaeassaensaesssaenseennsens 493
TOXICOLOZY ..ttt ettt ettt et ae et bt et e bt et ebeenbeeaeaaeens 496
Daniel E. McLain
PAIROLOZY ..ottt ettt ettt ettt et s et e b e ettt e et e et sabeeaeesats 543
Sundeep Chandra
MEIADOLISTL........c.oeeeeeeieeieeeie ettt e e te et e s te et e s tae e bt e s seesabeesssessseessaeessaeseeessaenseesnsaeseennsas 550

Shayne C. Gad

Chapter 8

THE DIOG. .ttt b bbb et b et e a e et e e at e bt et e e bt et e sb e e besbeeteeneen 563
TOXICOLOZY vttt ettt ettt ettt e e ae e st e e be e teesabeessaeeata e saaesseenbaeanseenseesnsaenseennsas 566
Gillian C. Haggerty
PAIROLOZY ..ottt ettt ettt ettt et e s e e b e st e b e st e ettt eaeesats 588
John C. Peckham and Robert W. Thomassen
MEEADOLISTL........cveeeeiieeeeeie ettt e e te et e st e e e e eae e beesseessbeesssessseessaeessaesseassaenseesnsaenseennsas 645

Shayne C. Gad

Chapter 9

PIIIMALES ...ttt ettt e st e et e e st e et eeetbeesbeessbeesteessbaesseessseensaeesseensaeanseenseesssaenseennsenn 663
TOXICOLOZY vttt ettt s e e ae et e e be e bt e s abeessbeeaba e saaesseensaeansaenseesasaenseennsas 665
Mark D. Walker, Joyce K. Nelson, and John C. Bernal
PAIROLOZY ..ottt ettt ettt ettt et e s it e b e st e b e e st e e bt sabeeaeesates 706
Gary B. Baskin
MEIADOLISTL........c.oveeeeeeeeeee ettt e e e e ete e st e e e e s tae e bt e s st e ssbeesseeease e sseesseeseeesseenseesnsaenseennsas 716

Shayne C. Gad

Chapter 10

THE IMIIPIG. ¢ ettt ettt ettt ettt et b et b et e b et e eb e et e eat e et eaeenbeemeesbeeabesbeenbesbeensesneans 731
TOXICOLOZY vttt ettt et e e e et e e be e teesabeessbeesta e saaesseensaeansaenseesasaenseennsas 732
Shayne C. Gad
PAIROLOZY ..ottt ettt ettt ettt e s it e b e st b e st e et sabeeaeesats 739
Zuhal Dincer and Ove Svendsen
MEEADOLISTL........coveeeeeieeeeeie ettt e te et e st e e e e s tte e be e st e ssbeassaesaseessaeesseeseesssaenseesnsaenseennsas 760

Mette Tingleff Skaanild

Chapter 11
ACINALIVE SPECICS. c..eeutettetieuteteeteete ettt ettt e e st e et et tebe et e e bt este bt esee bt entesaeeneesaeenbesseenbesseesesneens 773
Shayne C. Gad

Chapter 12

Clinical Pathology of Laboratory Animals..........c.ccooeeieriiriinieieniieeeeee et 787
Robert L. Hall

Chapter 13

Model Selection and SCAlING .........ccouieiiiriiriiieee ettt ettt be st e e 831

Shayne C. Gad



Chapter 14
SUSCEPUDILIEY FACTOTS ...ttt ettt sttt b et b et b et b et e e 863
Shayne C. Gad

Chapter 15
Laws and Regulations Governing Animal Care and Use in Research..........cccccceveviniinnncnnnne. 901
Shayne C. Gad

Appendix
Commercial Sources of Laboratory Animals........c.ccceceeieirereriinenenenenenieneeieneeeeeeee e 921
Shayne C. Gad






Introduction
Shayne C. Gad
Gad Consulting Services
CONTENTS
Current ANIMAal STUAIES. ....cc.eeieriiriiieiertete ettt ettt st e e s e e st ae st e besenenbesanenbeeas 2
Origins of Predictive Animal TeStING .......cooerieriiriirinieriieteeeeeteteeeete et 3
The “Lash Lure” Case.......coeeruirieririerierienieetesteetest ettt ettt ettt et st bt et sbee b sbe et eae 3
The Elixir of Sulfanilamide Case ..........ccccoieerieiiiiienieieeiee ettt 3
THALIAOMIAC ...ttt ettt ettt et e e et e st e e st e s bt et e saeeasesbeensesseenteeseanteens 3
Selecting an Animal MOdEl ...........cccooiiiiiiiiniiii et 5
HUSbandry and Care .........c.eevuieiiiiiieiiieeeee ettt sttt e sttt e st sabeesate s bt e sabesabeesbaesabeenaee s 5
CAGINE et entteete ettt ettt et e bttt et e st e s ateeabe e s bt e eab e e bee st e esstesabe e saeeabeenbbeeabeenbeesabeenbeesabeensaennts 5
Choosing Species and STrAINS. ........coeevuerieriirierienieeetent ettt et et st este st e besbtesbesbbenbesanenbeeas 6
DIOSIIZ ettt sttt s h et b et b bbbt ea et e e a e e ehe et e eh e et e sh e e beeb e e beebt e beeaeenteene 6
ANIMAL PRYSIOLOZY ...ttt ettt ettt b e et et st e be e st e beeneenbeeae 7
Background Incidence of Disease and Neoplasia .........ccecevveeiirierienieneneere e 7
Responses to Biologically ACHVE AZENLS ..cc..eeviiiiieniiiiienieeiteeieeteeste ettt 7
Absorption, Distribution, Metabolism, and Excretion of Chemicals.........cccccoveeviirieennennne. 8
ADSOIPLION ..ottt ettt ettt ettt et ebt et e e sae et sbe et s beeaesanenneas 8
DISIIIDULION ..ttt ettt st s eae e 10
Y (S 721 oTe) T 1 o OO OSSPSR 10
Xenobiotic MetaboliSm.........cc.eeiuirierieieiieiee et 10
Enzymes Involved in Xenobiotic Metabolism ...........c.ccecceveeciinieiiiniennenne 11
EXCIOHION ...ttt sttt ettt ettt et sbe et e s 14
SUIMINATY Leutteeiiteiteeiteeste et erte et e st e e bt esttesbeesttesabeesssesaseessseenseesaesssaeseesssaesssesnseessseenseenssesnsesnssesnses 15
RETEIEIICES ...ttt ettt ettt b et bbbttt et e b 15

The use of animals in experimental medicine, pharmacology, pharmaceutical development,
safety assessment, and toxicological evaluation has become a well-established and essential practice.
Whether serving as a source of isolated organelles, cells or tissues, a disease model, or as a prediction
for drug or other xenobiotic action or transformation in man, experiments in animals have provided
the necessary building blocks that have permitted the explosive growth of medical and biological
knowledge in the later half of the 20th century and into the 21st century (Meier and Stocker 1989;



2 ANIMAL MODELS IN TOXICOLOGY

Nevalainen et al. 1996). Animal experiments also have served rather successfully as identifiers of
potential hazards to and toxicity in humans for synthetic chemicals with many intended uses.

Animals have been used as models for centuries to predict what chemicals and environmental
factors would do to humans. The earliest uses of experimental animals are lost in prehistory, and
much of what is recorded in early history about toxicology testing indicates that humans were the
models of choice. The earliest clear description of the use of animals in the scientific study of the
effects of environmental agents appears to be by Priestley (1792) in his study of gases. The first
systematic use of animals for the screening of a wide variety of agents was published by Orfila
(1814), and was described by Dubois and Geiling (1959) in their historical review. This work
consisted of dosing test animals with known quantities of agents (poisons or drugs), and included
the careful recording of the resulting clinical signs and gross necropsy observations. The use of
animals as predictors of potential ill effects has grown since that time.

CURRENT ANIMAL STUDIES

The current regulatory required use of animal models in acute testing began by using them as
a form of instrument to detect undesired contaminants. For example, miners used canaries to detect
the presence of carbon monoxide, a case in which an animal model is more sensitive than humans
(Burrell 1912). In 1907, the U.S. Food and Drug Administration (FDA) started to protect the public
by the use of a voluntary testing program for new coal tar colors in foods. This was replaced by a
mandatory program of testing in 1938, and such regulatory required animal testing programs have
continued to expand until recently.

The knowledge gained by experimentation on animals has undoubtedly increased both the length
and quality of our lives, an observation that most reasonable people would find difficult to dispute,
but it (as reviewed by Ewald and Gregg 1983) has also benefited animals. As is the case with many
tools, animals have sometimes been used inappropriately. These unfortunate instances have helped
fuel the actions of a vituperative animal “rights” movement. This movement has encouraged a
measure of critical self-appraisal on the part of scientists concerning the issues of the care and
usage of animals. The Society of Toxicology (SOT) and the American College of Toxicology (ACT)
have both established Animals in Research Committees, and these have published guidelines for
the use of animals in research and testing. In general, the purpose of these committees is to foster
thinking on the four Rs of animal-based research: reduction, refinement, (research into) replace-
ments, and responsible use. This new edition is, in part, a response to these continued concerns.

The media frequently carry reports that state that most (if not at all) animal testing and research
is not predictive of what will happen in people, and therefore such testing is unwarranted. Many
animal rights groups also present this argument at every opportunity, and reinforce it with examples
that entail seemingly great suffering in animals but add nothing to the health, safety, and welfare
of society (e.g., Fano 1998). This is held to be especially the case for safety testing and research
in toxicology. Animal rights activists try to “prove” this point by presenting examples of failure
(e.g., thalidomide*). In light of the essential nature of animal research and testing in toxicology,
this is equivalent to seeking to functionally disarm us as scientists. Our primary responsibility (the
fourth R) is to provide the information to protect people and the environment, and without animal
models we cannot discharge this responsibility.

Confronted with this argument, all too many toxicologists cannot respond with examples to the
contrary. Indeed, many might not even fully understand the argument at all. Very few are familiar
enough with some of the history of toxicity testing to be able to counter with examples where it
has not only accurately predicted a potential hazard to humans, but where research has directly
benefited both people and animals. There are, however, many such examples. Demonstrating the

* Where the lack of adequate testing (or interpretation of existing test results) prior to marketing is not pointed out.
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actual benefit of toxicology testing and research with examples that directly relate to the everyday
lives of most people and not esoteric, basic research findings (which are the most exciting and
interesting products to most scientists) is not an easy task. Examples that can be seen to affect
neighbors, relatives, and selves on a daily basis would be the most effective. The problem is that
toxicology is, in a sense, a negative science. The things we find and discover are usually adverse.
If the applied end of our science works correctly, the results are things that do not happen, and
therefore are not seen.

If we correctly identify toxic agents (using animals and other predictive model systems) in
advance of a product or agent being introduced into the marketplace or environment, generally it
will not be introduced (or it will be removed) and society will not see death, rashes, renal and
hepatic diseases, cancer, or birth defects, for example. As these things already occur at some level
in the population, it would seem that seeing less of them would be hard to firmly tie to the results
of toxicity testing that relies on animals. In addition, the fact that animals are predictive models
for man is controversial.

ORIGINS OF PREDICTIVE ANIMAL TESTING

The actual record of evidence for the predictive value of animal studies and how they have
benefited man and domestic animals is reviewed in the following two sections. However, the negative
image needs to be rebutted. First, it must be remembered that predictive animal testing in toxicology,
as we now know it, arose largely out of three historical events.

The “Lash Lure” Case

Early in the 1930s, an untested eyelash dye containing p-phenylenediamine (Lash Lure) was
brought onto the market in the United States. This product (as well as a number of similar products)
rapidly demonstrated that it could sensitize the external ocular structures, leading to corneal
ulceration with loss of vision and at least one fatality (McCally et al. 1933).

The Elixir of Sulfanilamide Case

In 1937, an elixir of sulfanilamide dissolved in ethylene glycol was introduced into the mar-
ketplace. One hundred and seven people died as a result of ethylene glycol toxicity. The public
response to these two tragedies helped prompt Congress to pass the Federal Food, Drug, and
Cosmetic Act of 1938 (Pendergrast 1984). It was this law that mandated the premarket testing of
drugs for safety in experimental animals. The most compelling evidence that should be considered
is “negative”: Since the imposition of animal testing as a result of these two cases, no similar
occurrence has happened, even though society uses many more consumer products and pharma-
ceuticals today than during the 1930s.

Thalidomide

The use of thalidomide, a sedative-hypnotic agent, led to some 10,000 deformed children being
born in Europe. This in turn led directly to the 1962 revision of the Food, Drug and Cosmetic Act,
requiring more stringent testing. Current testing procedures (or even those at the time in the United
States, where the drug was never approved for human use) would have identified the hazard and
prevented this tragedy. In fact, it has not occurred in Europe or the United States except when the
results of animal tests have been ignored. Table 1.1 presents an overview of cases in which animal
data predicted adverse effects in humans, and table 1.2 provides some examples of known toxic
reactions to substances in animals and humans.
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Table 1.1 Animal Models That Predicted Adverse Effects of Xenobiotics on Humans
Agent Effect Animal Species In Man
Phenacetin Neurotoxicity, carcinogenicity Rat Y
Thalidomide Phocomelia Rat N/Y
Accutane Developmental toxicity of central nervous Rat, rabbit, dog Y

system (neural tube defects)
AZT Bone marrow depression Dog, rat, monkey Y
Valproic acid Cleft palate Rat, mouse, rabbit Y
Cyclosporine Nephropathy Rat, dog

Reversible immune response suppression Rat, monkey

(essential aid to organ transplantation)

Benoxaprofen (Oraflex) Hepatotoxicity No Y

Photosensitivity Guinea pig
Zomepirac Anaphylactic shock/allergy No Y
MPTP Parkinsonism Monkey Y
Cyclophosphamide Hemorrhagic cystitis Rat, dog Y
Mercury* Encephalopathy Rat, monkey Y
Diethylene glycol* Nephropathy Rat, dog Y
Razoxin Myelomonocytic leukemia Mouse Y
Benedictin Birth defects (?)/Litogen No Y
Triazolam (Halcion) Behavioral disturbances and amnesia No Y
Quinalones Phototoxicity Guinea pig, in vitro ?2Y
Temafloxcine Hemolytic anemia No Y
Diazepam (Valium) Development abnormalities Rat Y
Fialuridine (FIAU) Nephrotoxitcity, hepatotoxicity Y
* Not drugs.
Table 1.2 Selection of Toxic Reactions Occurring in Animals and Man
Substance Reaction Substance Reaction
Acetaminophen Hepatic necrosis Isotretinoin, prenatal Multiple malformations
Acrylamide Peripheral neuropathy Kanamycin Cochlear toxicity
Aniline Methemoglobinemia Methanol Blindness (monkey)
Asbestos Mesothelioma Methoxyflurane Nephropathy (Fischer rat)
Atropine Constipation 8-Methoxypsoralen Phototoxicity
Benzene Leukemia Methyl mercury Encephalopathy
Bleomycin Pulmonary fibrosis Morphine Physical and psychological

appearance

Carbon disulphide Nervous system toxicity MPTP Parkinsonism
Carbon tetrachloride  Hepatic necrosis Musk ambrette Photosensitivity

Cis-platinum
Cobalt sulphate
Cyclophophamide
Cyclosporin A
D & C Yellow
Diethylene glycol
Diethylaminoethoxy-
hexoestrol
Doxorubicin
Emetine
Ethylene glycol
Furosemide
Gentamycin
Hexacarbons
Hexachlorophene

Isoniazid
Isoproterenol
Isothiocyanates

Nephropathy
Cardiomyopathy
Hemorrhagic cystitis
Nephropathy

Eczema

Nephropathy
Phospholipidosis of liver

Cardiomyopathy
ECG abnormalities
Obstructive nephropathy
Hypokalemia
Nephropathy
Peripheral neuropathy
Spongiform
encephalopathy
Peripheral neuropathy
Stenocardia
Goiter

2-Naphthylamine
Neuroleptic drugs
Nitrofurantoin
Paraquat

Phenformin
Phenothiazine NP 207
Penicillamine

Pyridoxin

Scopolamine

Slow release potassium
Thalidomide, prenatal
Triothocresylphosphate
Triparanol
Vinyl/chloride

Vitamin A
Vitamin D

Bladder cancer

Galactorrhoea

Testicular damage

Lung damage and fibrosis
Lactic acidosis

Retinopathy (pigmented animals)
Loss of taste

Sensory neuropathy
Behavioral disturbances
Intestinal ulceration
Phocomelia (monkey, rabbit)
Delayed neuropathy
Cataract

Angiosarcoma of the liver

Osteopathy
Nephrocalcinosis
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For example, birth defects have occurred with isotretinoin (Accutane) where developmental
toxicity had been clearly established in animals and presented on labeling, but the drug has continued
to be used by potentially pregnant women.

Research into replacements such as cellular cultures, organs harvested from slaughterhouses,
computer modeling, and physical and chemical systems has been extensive (Frazier 1990; Gad
2000). Although each of these have its own utility (Gad 1989, 2000), they will not replace animals
for the foreseeable future. Some degree of animal use will continue. We hope that this book will
assist the responsible investigator in designing and interpreting appropriate experiments (refinement)
that will require fewer animals (reduction) in which the animals are appropriately husbanded and
utilized (responsibility).

SELECTING AN ANIMAL MODEL

Choosing the appropriate animal model for a given problem is sometimes guesswork and too
often a matter of convenience. One often uses a species with which one is most familiar, with little
consideration as to whether the chosen species is actually the most appropriate for the problem at
hand. For example, the rat is probably a poor model for studying the chronic toxicity of any new
nonsteroidal anti-inflammatory drug (NSAID) because the acute gastrointestinal (GI) toxicity will
probably mask any other toxic effects. The guinea pig is less sensitive to most NSAIDs than the rat,
and would therefore be a more appropriate species for investigating the chronic (nongastrointestinal)
toxicity of an NSAID. This practice of not rationally choosing an appropriate species for an exper-
iment undoubtedly results in imprecise or questionable science. This alone should be considered a
waste of animals and resources. It also results in additional, and sometimes duplicative, experiments.
We hope that this book will contribute to the reduction and refinement of the use of animals by
helping to alleviate this practice. The core chapters (2—11) include discussions of the strengths and
weaknesses of each of the common laboratory species, and recommendations for potential appro-
priate uses. Chapter 12 directly addresses the issue of how to select the best practical model.

HUSBANDRY AND CARE

The quality of an experiment often hinges on the details of animal husbandry and care. At one
extreme, inappropriate handling could result in unhealthy animals and an experiment yielding variable
and irreproducible results. All animals have optimal temperature, humidity, light cycle, light intensity,
cage size and bedding, and dietary requirements. Rabbits, for example, have a different optimal
temperature range than rats. Rats and ferrets have completely different dietary requirements. Albino
rodents have very sensitive eyes, and lights of too high a candle power can cause incidental ocular
damage, especially in those animals on the top row of a cage rack. Infrequent changing of indirect
bedding materials can result in exposure of rodents to a high airborne concentration of ammonia,
which can cause ocular damage. Recently, it has become clear that ad lib feeding of rodents in chronic
or carcinogenicity studies both shortens their lives and alters the patterns of spontaneous tumors that
occur. These are all examples of how inattention to the details of animal care can compromise an
experiment, particularly a long-term one. A refined and responsibly designed experiment accommo-
dates these details. It is hoped that this book will provide a convenient source of husbandry procedures
for the more common animal species used in toxicological and pharmacological research.

Caging

Caging deserves special mention for two reasons. First, not all animals can be group housed.
Hamsters, for example, are notoriously antisocial. Even breeding pairs cannot be left in the same
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small cage together for protracted periods. Guinea pigs, on the other hand, thrive when group
housed. Obviously these factors need to be considered when designing an experiment. In modern
toxicology practice, animals are seldom group housed during chronic studies to maintain identifi-
cation, facilitate clinical observations, and ensure necropsy of moribund or dead animals (mice, in
particular, are very cannibalistic). With short-term experiments, however, group housing of certain
animals might not compromise a study and might decrease the amount of housing space needed.
This book discusses appropriate housing, including instances when animals should or should not
be group housed.

Second, cage size is important because the animal rights movement has made it important.
Although most investigators (and cage manufacturers) have long recognized that cages have optimal
sizes, the 1989 proposed Animal Welfare Codes (which became law in 1991, and have been revised
since) attempted to specify somewhat larger cages with several size cutoffs mediating cage changes.
For example, there are three to four different cage specifications for guinea pigs depending on their
age and/or weight. Many caging systems currently in use would no longer be permitted and their
replacement would be very expensive. There is no scientific basis for believing that these changes
will improve animal husbandry or quality of life. This is just an example of how the animal rights
movement, and the resultant animal care laws, could affect the conduct of pharmacologists and
toxicologists. This book contains in-depth discussion on current animal welfare laws (chapter 15).
The investigator needs to be aware of not only the four Rs, but also the relevant laws and regulations
governing animal experimentation.

CHOOSING SPECIES AND STRAINS

Not only is it important to pick the correct species for an experiment, but sometimes the correct
strain as well. For most of the species discussed in this book there are a handful of commonly used
strains. In some cases, an inbred strain might provide qualitative and specific characteristics that make
it a good disease model, such as the spontaneously hypertensive rat. There are other more quantitative
strain-related differences such as size, color, temperament, and background disease. For example, the
Fischer 344 rat is smaller than the Sprague-Dawley rat. The CD-1 mouse is shorter lived than the
C57B6/F, hybrid. These differences might make a particular strain more appropriate for one experi-
ment than others. For example, the Fischer 344 rat has a high rate of spontaneous Leydig cell tumors
as compared to the Sprague-Dawley rat, which would make the latter less appropriate for determining
if a chemical is a testicular carcinogen. For these reasons, this book includes discussions of strain-
related differences. Rats and mice provide the greatest array of strains from which to choose, including
outbred and some inbred. There are literally hundreds to choose from, but the majority are specialized-
use animals, such as the athymic nude mouse. For the majority of generalized pharmacology and
toxicology testing, a relatively small handful of rat and mouse strains are used and the emphasis in
the relevant chapters is on those more commonly used strains. Many chapters include some mention
of strain; however, the situation with dogs is somewhat different.

All domestic dogs belong to the same family, which is subdivided by breed. Only the beagle
breed is purposely raised for biomedical research; otherwise one uses mongrel or random-source
dogs (obtained from pounds and used without regard to breed). Hence, the chapter on the dog
focuses on the beagle. There might be supplier-related differences in beagles, but these have not
been systemically studied.

DOSING

To study the effects of a drug or other chemical in an animal, the two have to be brought
together; that is, the animal has to be dosed. Dosing is the act of introducing a drug or chemical
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into a living organism. It requires active interaction between man and animal. There are, however,
passive dosing techniques that are also used frequently in which the chemical is placed in the
animal’s air, water, or feed, and the animal doses itself by breathing, drinking, or eating. Hence,
administering an antibiotic intravenously is active dosing; giving it in the feed is passive dosing.
In the former case, dosimetry (i.e., calculating milligrams per kilograms of exposure) is generally
intuitively simple (an exception being for the dermal route). In the latter case, other measurements
must be taken (e.g., feed consumption) and a variety of formulas are used in dosimetry. The main
routes used for active dosing are oral, intravenous, intraperitoneal, dermal, and subcutaneous. Other
routes are sometimes used, and these are mentioned where appropriate (for a complete discussion
of different routes, see Gad and Chengelis 1998, Chap. 10; Gad 2000, 2002). For oral dosing, for
example, one might have a choice of using capsules or gavaging. However, capsules are rarely used
with rats and gavage is seldom used with dogs. When necessary, a dog can be gavaged, but the
technique is different from that used with rats. Intravenous dosing of ferrets is especially difficult,
but can be done. This book presents the appropriate techniques, “tricks of the trade,” so that animals
can be appropriately and humanely dosed.

Second, some of the information (e.g., average feed consumption) and formulas needed to
calculate or estimate dosimetry in passive dosing procedures are presented and discussed. With
regard to dosing and dosimetry, it should be kept in mind that the terms dose and dosage are not
synonymous. The dose is the total amount of test article given, such as 1,000 mg. The dosage is a
rate term and is the dose divided by the weight of the test animal; for example, 1,000 mg/10 kg
(for a dog) = 100 mg/kg. For some agents (particularly oncology drugs), this is presented in terms
of quantity per meter squared (m?) of body surface area. In most instances, when one speaks of a
dose—response curve, a dosage—response curve is being described.

ANIMAL PHYSIOLOGY

All animal species and strains have their own distinctive physiology. As a result, values per-
taining to blood pressure, breathing rates, ECGs, rectal temperatures, and normal clinical laboratory
parameters often vary between species. Clearly, appropriate interpretation of an in vivo experiment
requires a firm understanding of these baseline data. For example, there are well-established
differences between species with regard to red blood cell size: What is normal for a dog would be
high for a rat. The converse is true for breathing rates. This book provides a convenient source for
these important background data.

Background Incidence of Disease and Neoplasia

All animals also have their own baseline, or natural incidence, or diseases that complicate the
conduct and interpretation of chronic toxicity experiments. The background incidence of liver
tumors in C57B6/F, mice is quite high. It would, perhaps, be prudent to investigate a suspect
hepatocarcinogen in a species with a lower spontaneous incidence than these. Ferrets in the United
States are currently contaminated by the Aleutian mink virus, which could make this species
inappropriate for chronic experiments. The background incidence of these diseases and pathological
lesions are discussed to aid the investigator in choosing the most appropriate species for an
experiment and in the interpretation of the results.

Responses to Biologically Active Agents
An animal’s responses to drugs or other biologically active agents might be just as important

as the background incidence of disease, and species-related differences in sensitivity are important
for two reasons. First, animals will often have to be anesthetized or receive other treatment such
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as antibiotics during an experiment. Appropriate dosages vary among species. Thus, this book
presents the appropriate dosages of common anesthetics for the model species discussed here.

Second, the other reason species-related differences are important is that in toxicity testing,
these differences are the major hurdle in applying toxicity data to human hazard assessment. This
is perhaps too broad a topic for a single book, but mention is made so that an investigator is aware
of such differences. Cats, for example, are far more sensitive to digitoxin (LD, = 180 ug/kg po),
than other species, such as the rat (LDs, = 56 mg/kg po, as reported in National Institute of
Occupational Safety and Health 1980).

There can also be qualitative differences among species. Morphine, for example, is infamous
for causing different clinical signs in different species: straub tail in mice, catatonia in rats, and
extreme reactivity in cats. Some of the more frequent examples of these distinctions are mentioned
in the core chapters. The salient message is that species often differ both quantitatively and
qualitatively in their responses to drugs or chemicals. These differences must be investigated and
considered in choosing a species for an experiment and in interpreting the results. Incidentally, cats
(with the exception of veterinary products intended for use in cats) are seldom used in toxicity
testing and are used in pharmacology mainly for acute, terminal neurophysiological experiments.
For these reasons, an in-depth discussion of cats is not included in this book.

Absorption, Distribution, Metabolism, and Excretion of Chemicals

When studying the effects of drugs and other chemicals on intact animals, it is also vitally
important to investigate the processes of absorption, distribution, metabolism, and excretion
(ADME). These have been intensely studied widely, and space does not permit a review of this
large body of work. Some basic degree of knowledge must be presumed. We have compiled a list
of references to which the reader can refer if additional information is needed (table 1.3). For the
remainder of this chapter, we touch on some basic principles that apply across all species. In each
individual core chapter (2—10) of this book, some basic information on ADME is presented on a
species-specific basis. The emphasis is on providing the information necessary to assist one in (a)
the appropriate selection of an animal model, (b) the design of the experiment, (c) the interpretation
of resultant data, and (d) the applicability of the results to humans.

The principles that govern absorption and distribution apply fairly equally across all species
(Pratt and Taylor 1990; Washington et al. 2001), and therefore are not discussed to any great extent
on an animal-by-animal basis. It is most difficult to predict species differences in bioavailability
(absorption across GI tract into the blood) or systemic bioavailability (bioavailability + first-pass
metabolism) of a specific chemical. Species differences in gastric or intestinal pH, for example,
may dictate species differences in GI permeability to specific chemicals, but will not account for
differences in GI transit time or hepatic metabolism. Assumptions based solely on phylogenetic
grounds can be quite misleading. We had recent experience with a drug found to be bioavailable
in the rat and dog, but not at all absorbed in the monkey. In fact, the dog was the species most
similar to the human. One needs to strive to ascertain test article bioavailability experimentally for
any specific chemical, as general principles always come encumbered with exceptions.

Absorption

After dosing, a chemical must be absorbed to cause an effect. Absorption is the process of the
chemical passing through a barrier to gain access to the general systemic circulation. The most
common dosage routes are oral, inhalation, topical, intraperitoneal, intravenous (IV), subcutaneous
(SC), and intramuscular (IM). Absorption is not generally a problem by the latter three routes as
the test substance is introduced directly to the body. It is normally a foregone conclusion that drugs
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Table 1.3 Summary of General Reviews of Xenobiotic Metabolism

Topic

Source

General reviews on process of drug
metabolism and disposition

Cytochrome P-450

Flavin-dependent microsomal mixed
function oxidase
Epoxide hydrolase

Glutathione S-transferase

UDP-glucuronosyl
transferase/glucronidation

PAPS-Sulfotransferase/sulfate
formation

Amino acid conjugations

Acetylations

LaDu et al. (1972)

Goldstein et al. (1974)
Klaassen (1986)

Sipes and Gandolfi (1986)
deBethizy and Hayes (1989)
Rozman (1988)

Levy et al. (2000)

Gonzales (1988)

Black and Coon (1986)
Kadlubar and Hammons (1987)
Lewis (2001)

Ziegler (1988)

Tynes and Hodgson (1985)
Seidegard and DePierre (1983)
Oesch (1972)

Jarina and Bend (1977)
Pickett and Lu (1989)
Boutin (1987)

Mulder (1986)

Siest et al. (1989)

Singer (1985)

Jacoby et al. (1984)

Hirom et al. (1977)

Lower and Bryan (1973)

Esterases
Alcohol metabolism

Leinweber (1987)

Hawkins and Kalant (1972)
Crabb et al. (1987)

Klaassen and Watkins (1984)
Levin (1978)

Billiary excretion

so administered will reach the systemic circulation. Plasma concentrations will depend on rates of
delivery (IV), or rates of diffusion (IM, SC). Although there are some technical concerns, the
principles are either independent of species, or the species differences are obvious. For example,
because of relative small muscle mass and rapid circulation time, drugs given intramuscularly will
more rapidly equilibrate in rats than in monkeys. Via the intraperitoneal route, systemic availability
will depend not only on the rates of diffusion, but also on the first-pass metabolism effect. There
are no known species differences with regard to intraperitoneal absorption, but there are species
differences with regard to rates of hepatic metabolism, which may dictate the degree of first-pass
metabolism. Interestingly, first-pass effects are generally of greater concern in smaller species, such
as rats and mice, where the intraperitoneal route is more commonly used.

With regard to the oral, dermal, and inhalation routes, there are very real species differences.
For example, thickness and length of the small intestine, size of cecum (if indeed there is one),
and gut transit time all play a role in gastrointestinal absorption.

Species differences in facilitated or active transport might also play a role in absorption. Whether
an animal is an obligate nose breather or not, the structure of the nasal turbinates, respiration rate,
and minute volume will all influence the size and number of particles reaching the alveoli by the
inhalation route. The rat is a poor model for inhalation pharmacokinetic studies in extrapolating the
results to humans for these reasons. There are well-described differences in skin structure that control
dermal absorption and result in species differences. Such species differences vary with chemical class.

This book might help one sort through this maze, but there are few scientifically sound gener-
alizations. Our best recommendation is that investigators substantiate their assumptions on dermal
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or inhalation absorption before rendering any conclusion on studies conducted using these routes
of administration.

Distribution

After gaining access to the systemic circulation, the toxin or drug is distributed among the
organs. Distribution depends on these factors:

¢ Blood flow to the organ

* Extent and avidity of binding to plasma proteins*

e The “natural” affinity a particular organ might have

e The degree and extent to which the chemical crosses barriers such as the blood-brain barrier or
the placenta

¢ The extent to which clearance (metabolism and/or excretion) competes with these processes

There are probably species differences with regard to all these processes, but not all have been
vigorously explored. For example, there are few comparative studies on the blood—testes barrier,
or comparisons on plasma protein binding of different chemicals in the monkey, so the database
in this area is surprisingly small. A few transspecies comparisons of plasma protein binding have
been done. As a broad generalization, binding is most extensive in humans and least extensive in
mice. Such information is presented and discussed in the core chapters, but the reader should be
aware of the gaps in the available knowledge.

Metabolism

In the area of ADME, the processes of metabolism or bioconversion are of greatest concern
with regard to species-specific differences. Indeed, species differences in metabolism are a leading
cause for species differences in toxicity. First, very few administered xenobiotics are excreted
unchanged. Therefore, rates of metabolism often dictate the time length of a pharmacodynamic
response. Second, metabolism of a xenobiotic might result in metabolites of similar potency or
produce metabolites that are responsible for toxicity. For example, most genotoxic carcinogens
require metabolic activation. Finally, because the metabolism of xenobiotics is an enzyme-based
phenomenon, it shows a great deal of species differences. For example, Williams (1972) examined
the metabolism of phenol, a relatively simple chemical, in 13 different species and found that no
two species provided the same spectrum of metabolites. Species differences can be either quanti-
tative (differing amounts of the same metabolites) or qualitative (different metabolites). Because
of the importance of metabolism in toxicity testing, each individual animal chapter contains in-
depth discussion of xenobiotic metabolism.

Xenobiotic Metabolism

The area of species differences in xenobiotic metabolism is not new. Some of the efforts in
this area are summarized in table 1.3. It is not the objective of this book to provide yet another
interspecies comparison, but rather to present information on a species-specific basis. For example,
what type of regimen is required to induce increases in microsomal multifunction oxidase (MMFO)
activity in the dog? The metabolism of xenobiotics by mammals is a phenomenon that has been
recognized since 1842 when Keller (Mandel 1972) identified that benzoic acid was excreted in
the urine as the 1 cine conjugate (hi uric acid). As a modern science, drug (or xenobiotic)
metabolism was formalized in the late 1940s when Williams (1947) published the first text on the

* Interestingly, it has recently become clear that even proteins (such as some of the biotechnologically generated
pharmaceutical agents) can be bound to plasma proteins.
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subject. Williams (see Williams 1972, 1974, for reviews) has been particularly instrumental in the
area of species differences in metabolism. Early works in this area tended to concentrate on
isolating and identifying various conjugations of simple chemicals given to intact animals. Mueller
and Miller published on the importance of liver microsomes in xenobiotic metabolism in their
studies on the oxidative metabolism of aminazodyes (Mannering 1972; Mueller and Miller 1949).
The field has grown explosively since the mid-1950s, catalyzed by the studies of Brodie and
colleagues in the United States (Brodie et al. 1955; Quinn et al. 1958) and Remmer in Germany
(Mannering 1972; Remmer and Merker 1963). Their works confirmed the quantitative importance
of the liver in xenobiotic metabolism, and that the major underlying enzymes were located in the
microsomal fraction. It was during this period that the practice of naming an enzyme by its activity,
such as aminopyrine demethylase or aniline hydroxylase, was adopted. It was only later that it
was recognized that all these activities are catalyzed by the same enzymes (or family thereof);
that is, the cytochrome P-450-dependent microsomal mixed function oxidase system (Gonzales
1988; Guengerich 1988). Cytochrome P-450 was discovered almost a decade after Mueller and
Miller described microsomal metabolism requiring NADPH (Coon 1978; Klingenberg 1958;
Mannering 1972). The importance of the identification and characterization of the cytochrome P-
450-dependent MMFO system to the fields of biochemistry, pharmacology, and toxicology cannot
be understated. The reader is referred to any one of several reviews of the system (see table 1.1
and table 1.4).

The process of xenobiotic metabolism has traditionally been divided into Phase I (oxidative)
and Phase II steps. In general (as reviewed more extensively by deBethizy and Hayes [1989]), all
mammalian processes are designed to convert lipophilic chemicals to more polar and more easily
excreted metabolites. In reality, the process can be more complicated than two steps because the
products of Phase I oxidation can be (a) further hydroxylated at different sites, (b) further oxidized
at the same site (by a different enzyme such as alcohol dehydrogenase), or (c) conjugated with
glutathione or glucuronic acid, sulfate, or one of several amino acids. This process is discussed in
greater detail elsewhere (see table 1.1 and table 1.2). The result is that any one xenobiotic can have
an astonishing spectrum of metabolites. For example, benzene is a relatively simple chemical, yet
over 15 different metabolites have been described.

Enzymes Involved in Xenobiotic Metabolism

The main enzymes involved in xenobiotic metabolism are fairly uniform across species. In all
mammalian species, the liver is quantitatively the most important site of xenobiotic metabolism,
and the MMFO system is the most important enzyme. Although this system is ubiquitous, there
are species differences in isozymic characteristics, substrate specificity, activity, and inducibility.
More recently, Davin-dependent microsomal multifunction oxidase, which is distinct from the
MMEFO, has been identified (Ziegler 1988), and has been shown to play a role in the metabolism
of many chemicals. There are also differences in Phase II enzyme activities and cosubstrate
availability (Gregus et al. 1983). Seldom do two species dispose of the same chemical that way.
Each species produces a spectrum of metabolite or chromatographic “fingerprints” that are often
distinct. The characteristics of the MMFO for each of the most highly used species are discussed
in this book in some detail. Other enzyme systems such as the flavin-dependent (noncytochrome
P-450) monoxygenase can also be involved in xenobiotic oxidative metabolism, and are discussed
where available information permits. The species characteristics of other important enzymes such
as epoxide hydrolase and UDP-glucuronosyl transferase are also discussed. Some enzymes are
ubiquitous, such as the alcohol dehydrogenase and carboxylesterase. All species metabolize primary
alcohols to aldehyde, and subsequently to carboxylic acids. This is only discussed, therefore, when
there is some species-specific characteristic. This is also true for esterases, as all species rapidly
hydrolyze esters.
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Table 1.4 Compilation of Selected Papers That Compare Xenobiotic Metabolism in Different Species

Species
Compared

Parameters Examined

Comments

References

Dog, guinea pig,
rat, rabbit,
monkey, human,
mouse

Rat, mouse,
guinea pig

Rat, hamster,
mouse, guinea

pig

Mouse, guinea
pig, rabbit,
hamster

Rat, rabbit, dog,
mouse

Rat, dog, monkey

Rat, mouse,
guinea pig

Rat, dog, monkey

Rat, mouse,
guinea pig, dog,
monkey

Rats, rabbits,
hamster, guinea
pig, ferret

Various: emphasis
on dog, mouse,
rat, rabbit,
monkey

Rat, mouse,
rabbit, hamster,
guinea pig

Rat, rabbit, guinea
pig

Rat, mouse,
rabbit, hamster,
guinea pig

Gastrointestinal
differences that affect
absorption; plasma and
tissue binding; drug
metabolism in liver and
intestine

GSH-T

Induction of P-450 and
MMFO activities (AP
demethyl, BP-OH, EC-
deethyl) by 2-AAF and
3-MC

GSH-T (1-chloro-2,4-
dinetrobenzene)

Chlorfenvinphos
deethylation (in vitro)
Metabolism and kinetics

of Tolrestat

Induction of MMFO,
GSH-T, EH

Inducing effect of
hexahydroindazole (P-
450, AP-demeth, AN-
OH)

Conjugation reactions

Metabolism of glyceryl
trinitrite

Various aspects of
metabolism covered:
spectrum of
metabolites, plasma
half-lifes, developmental
differences, inhibitors,
inducers

Changes in iron “spin-
state” as determined by
EPR induced by
different binding spectra

Different inducing agents

Protein, P-450 content,
reductase
concentrations, model
substrates, GSH and
UDPG transferase
activities, lung, liver,
kidney

Rhesus monkey best predictor for
ADME in man
Excellent bibliography

With CDNB total activity mouse >
guinea pig > rat. Parallel to AFT
sensitivity. Quantitative differences
in isoenzymes.

In general, MMFO activity, rat had
lowest, but BP activity most
inducible. In some species,
induction had no effect or
decreased some activities.

Hamster > rabbit = gp > mouse >
rat. S-Sepharose elution patterns
different.

Dog > rabbit = mouse > rat with
same order to LDg,.

Highest bioavailability in rats. More
unchanged drug in dogs and
monkeys.

EH-M gp > rat > mouse, but gp is
less inducible. For GSH-T: mouse
> rat > gp and gp not induced. For
MMFO: gp > mouse > rat.

Increases in relative liver weights in
all species. For P-450, monkey >
rat > dog; for AP, monkey > rat =
dog; for AN, rat = monkey > dog
(gram basis, different if on protein).
Best induction in dog.

A review.

Species differences in plasma half-
life a function of body weight.

Excellent comprehensive review
with emphasis on mixed function
oxidase activity.

Proportion of high spin P-450 in
Vivo: rabbit > gp = hamster =
mouse > rat

Gilucuronide formed only by liver,
other organ involved in sulfation.
Both produced in liver of rat, rabbit
and gp, only sulfate formed by
mouse.

For all species, liver most active with
lung and kidney 15%—40% of liver.
No species superior in all activities,
but hamster tended to have
greatest activities.

Rozman (1988)

Neal et al. (1987)

Astrom et al. (1986)

Igarashi et al. (1986)

Hutson and Logan
(1986)
Cayen et al. (1985)

Thabrew and Emerole
(1983)

Lan et al. (1983)

Caldwell (1982)

loannides et al. (1982)

Kato (1979)

Kumaki et al. (1978)

Wong (1976)

Litterst et al. (1975)
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Table 1.4 Compilation of Selected Papers That Compare Xenobiotic Metabolism in Different Species

Species
Compared Parameters Examined Comments References
Rat, mouse, Microsomal protein, BP- No real differences in microsomal Haietanen and Vainio

guinea pig, rabbit

Rat, mouse,
guinea pig,
hamster, rabbit,
dog, pig, monkey

Rat, mouse,
guinea pig,
rabbit, pig,
monkey

Rat, mouse,
guinea pig,
hamster

Rat, mouse,
guinea pig,
hamster

Rat, mouse,
guinea pig,
hamster

Rat, mouse,
rabbit, guinea pig

Rat, mouse,
hamster, guinea
pig, monkey

OH, UDPG transferase,
small intestine vs. liver

Metabolism of
[3H]styrene oxide: EH
and GSH-T in liver, lung,
and kidney

P-450 b5, cytochrome ¢
reduct, K, and V,,,, of
various substrates

Induction of EH UDPG
transferase, and GSH-T
by 2-AAF or 3-MC

Effects of DDT on AHH
activity and cytochrome
P-450

Total GSH, y-GTP, GSH
synthetases,
peroxidease, and
reductase

GSH-T activity with
different substrates,
different age animals,
and with different
inducing agents

Review on role of
intestinal microflora in
drug metabolism;
excellent bibliography
with references to
primary articles and
other reviews

protein (30-35 mg/qg). For BP, liver >
gut for all species. For liver gp =
mouse > rat > rabbit; for gut, gp >
rabbit > rat = mouse; for UDPG liver,
gp > rabbit = mouse > rat; for UDPG-
gut, rabbit > rat > mouse = gp.

For EH, liver > kidney > lung. In
general, mouse is lowest and
primate is highest. For GSHT, liver
> kidney > lung. GP is highest and
primate is lowest. Includes lit
comp. of EH activities.

Not big differences in micro: P-450
ranges 0.38 (pig) to 0.75 nmol/mg
(gp). b5 ranged 0.20 (mouse) to
0.49 nmol/mg (gp). Cytochrome c
red ranged 115 (rabbit) to 136 (gp)
nmol/min/mg

Large species variation (3- to 12-
fold) in control activities. Except for
EH in guinea pig, enzymes
induced only in rat by 2-AAF.
Except for GSH-T in hamster,
enzymes induced only in rat by 3-
MC. Rats not representative of
activities or inducibility of other
species.

Induction in hamsters, decreases in
other species. Acute toxic effects
depend on route and species.

GSH lowest in guinea pig, highest
in mouse. Synthesis lowest in
hamster, highest in rat. y-GT much
higher in gp. GSH-T highest in gp,
lowest in rat and not affected by
fasting. GR lowest in rat = mouse,
highest in hamster, fasting effects
species dependent. Px highest in
mouse = hamster, lowest in rat and
mouse, dependent on substrate
and fasting state

Wide range of activities, depending
on species and substrate. Age-
related changes evident in all
species, peak (up to 120 days)
varies with species. Activity
inducible in all species, but extent
depends on inducer and substrate.
Rat, mouse most inducible.

Gut flora (S-glucosidase and S-
glucuronidase; nitro, nitrite, and
azo reductases) have large
species difference, guinea pigs
tend to have lowest amounts, mice
the highest.

(1973)

Pacific et al. (1981)

Amri et al. (1986)

Astrom et al. (1987)

Haietanen and Vainio
(1976)

Igarashi et al. (1983)

Gregus et al. (1985)

Rowland (1988)
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Table 1.4 Compilation of Selected Papers That Compare Xenobiotic Metabolism in Different Species

Species
Compared Parameters Examined Comments References
Rat, mouse, Excellent review; Examples: Only in the rat is Williams (1972, 1974)

hamester, rabbit,
guinea pig, dog,
primate, others

Rat, rabbit, guinea
pig, ferret

Rat, mouse,
guinea pig,
hamster, rabbits,
dogs, primates

Rat, mouse,
guinea pig,
hamster, rabbits,
dogs, primates

Rat, mouse,
rabbit, guinea
pig, dog

Rat, mouse,
guinea pig,
rabbit, rat, dog,
quail, trout

Rat, mouse,
guinea pig,
rabbit, dog

qualitative differences
(lack of specific
enzymes) and
quantitative differences;
emphasis on in vivo
data; species
differences in the
metabolism of [1-14c-
acetyl]phenacetin

Case reviews on how
species differences in
drug metabolism lead to
differences in toxicity

Review chapter in
monograph; species
differences in
biotransformation,
plasma protein binding,
biliary excretion, and
pharmacokinetics

A citation classic; species
and other factors, in the
metabolism of four
different chemicals
explored

Cytochrome P-450,
MMFO, EH, UDPG
transferase, PAPS-
sulfotransferase, N-
acetyl transferase

Drug metabolism by
nasal tissue in vitro

aromatic hydroxylation the major

route of amphetamine metabolism.

Dogs and guinea pigs have a

defect in N-acetylation. Guinea
pigs do not make mercapturic

acids.

Deacetylation highest in rat and
ferret, aromatic hydroxylation high
in ferret, low in others. Glucuronide
formation dominant in rabbit,
guinea pig, ferret; sulfation is
dominant in rat.

Example: Dog has increased risk of
bladder cancer (in response to)
aromatic amines because of ability
to N-hydroxylate but limited
capacity to acetylate.

Example: In general, protein binding
is highest in primate and lowest in
mouse.

In general, most rapid half-life in
mice, longest in dogs. Correlates
with rates of microsomal
demethylation.

A good basic comparison.
Convenient source for species
comparison.

Highest activities in hamster, lowest
in dog.

Smith and Timbrell
(1974)

Calabrese (1988)

Cayen (1987)

Quinn et al. (1958)

Gregus et al. (1983)

Hadley and Dahl
(1983)

Abbreviations: AP = demeti-aminopyrine demethylase; BP-OH = benzo(a)pyrene hydroxylase; EC = deethyl-7-
ethoxycoumain deethylase; 2-AAF = 2-acetylaminofluorene; 3-MC = 3-methylcholanthrene; EH = epoxide
hydrolase; AN-OH = aniline hydroxylase; GSH = glutathione; UDPG = UDP-glucuronic acid; y-GTP = y-
glutamyltranspeptidase; gp = guinea pig; GSH-T = glutathione s-transferase.

Excretion

The processes of elimination is not dealt with in great detail in the core chapters. This is not

to say, however, that excretion is not important. Like absorption, elimination can be both active
and passive, and most xenobiotics are passively excreted. In most cases, conjugated metabolites
are actively excreted. The process of xenobiotic metabolism can be viewed, to a certain extent, as
packaging for the excretory process. Across species, the active excretion of a metabolite by the
liver into the bile is probably (quantitatively) the most important active excretory process concerning
xenobiotic disposition. Glucuronide conjugates (as reviewed by Levine 1978; Klaassen and Watkins
1984; Williams 1972) are actively excreted by the liver into the bile and ultimately into the feces.
Amino acid conjugates, in contrast, tend to be excreted by the kidney into the urine. These are
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definite species-related differences in the molecular weight cut-off between 300 and 500 for the
biliary transport of the metabolite that dictate whether a metabolite will end up in either the feces
or the urine.

Species differences do not follow any particular phylogenetic lines. For example, rats and dogs
effectively excrete phenolphthalein glucuronide (50% in bile), whereas guinea pigs and monkeys
do not (< 10%; Williams 1972). Although there are species differences in excretions, these tend to
be overshadowed by the species differences in metabolism. That is, a particular species might not
need an efficient biliary excretory process because with a particular chemical, it might produce
glucuronides sparingly or not at all. This information might be of interest to the pharmacokinist in
determining where to look for a metabolite. Generally, however, such information is of academic
interest to the pharmacologist or toxicologist in interpreting an experiment because glucuronides
are generally inactive end products, and it does not really matter whether they end up in the urine
or feces. (As with any rule, there are exceptions: Mulder [1986] cites several examples of glucu-
ronides being active metabolites; i.e. causing toxicity.) There are several instances, however, in
which biliary excretion actually influences the toxicity of a chemical, such as with some of the
cardiac glycosides or heavy metals where biliary excretion occurs without metabolism and biliary
excretion is the “detoxification” mechanism (Klaassen and Watkins 1984). Cayen (1987) pointed
out that species-related differences in indomethacin-induced intestinal damage directly correlates
to the degree of exposure of the mucosa owing to biliary excretion and resultant enterohepatic
circulation. Such instances are discussed on a species-specific basis where such data permit.

SUMMARY

I have attempted to assemble a source of basic information on laboratory animals, and trust that
this book will provide a convenient source of information for either the skilled or novice investigator
to aid in the design and interpretation of in vivo pharmacological or toxicological studies.
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History

The domesticated mouse of North America and Europe (Mus musculus) is the most widely used
animal in medical research. The mouse is a member of the order Rodentia, family Muridae, and
subfamily Murinae.

The use of the mouse in biomedical research has been chronicled for several hundred years.
William Harvey (1578-1657) published the results of his work on animal reproduction and blood
circulation based in part on his work with mice (Harvey 1616, cited in Morse 1981). Joseph Priestly
(1775) used mice in exploring the phlogiston theory, and Antoine Lavoisier (1777) used mice in
his studies of the physiology of respiration (both cited in Morse 1981).

Mice were selectively bred for coat color for many centuries, but in the early 1900s efforts
turned to breeding strains of mice that might mimic human disease states. Subsequently, inbred
strains were derived that were particularly susceptible or resistant to various types of cancers and
viruses. A strain is considered to be inbred when it has been derived by brother X sister matings
for 20 or more consecutive generations (F20), and can be traced to a single ancestral breeding pair
in the 20th or subsequent generations. Certain other breeding systems (e.g., parent X offspring) can
be substituted as long as the inbreeding coefficient achieved is at least equal to that at F20 (Lyon
1981). The genetic groundwork was laid for most of the strains of inbred mice currently in use by
researchers such as William E. Castle, Clarence C. Little, and Leonell C. Strong during the period
of about 1900 to 1930 (Morse 1981).

Although highly inbred strains have proven invaluable in fields such as genetics and histocom-
patibility research, a school of thought developed that random bred or specifically outbred strains
might more closely represent man in many areas of medical research. A random breeding program
attempts to achieve a level of genetic variability similar to the initial (noninbred) population, and
in so doing, preserve the “hybrid vigor” associated with heterozygosity.

Many of the inbred and outbred strains of mice currently in use are referred to as Swiss strains.
All of these Swiss strains are traceable to a group of two male and seven female albino mice
obtained from the noninbred stock of Dr. A. de Coulon of Lausanne, Switzerland, and imported
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into the United States by Dr. Clara Lynch of the Rockefeller Institute in 1926 for use in cancer
research (Lynch 1969, cited in Hill 1983).

Choice of the Mouse in Toxicological Research

As discussed in chapter 1, the choice of a species for toxicity testing is based on consideration
of a range of variables. Ideally, if toxicity testing is intended to provide information on the safety
of a test article in or by humans, the species chosen for testing should be most similar to the human
in the way it handles the test article pharmacodynamically. Substantial differences in absorption,
distribution, metabolism, or elimination (ADME) between test species and the target species (e.g.,
the human) will reduce the predictive value of the test results. From a practical standpoint, often
the pharmacokinetics are unknown in humans or the variety of available test species at the time of
species selection. For this reason, testing is usually conducted in at least two species. Generally,
one of those species is usually a rodent and one a nonrodent. The two most commonly used rodent
species are mice and rats, and often toxicity testing is conducted in both of those species.

Mice have many advantages as test animals for toxicity testing. They are small; relatively eco-
nomical to obtain, house, and care for; and generally easy to handle. Mice are generally more
economical than rats in these respects. Although mice might attempt to escape or bite handlers, with
regular, gentle handling they are easily managed. Other advantages of the species include a short
gestation period and a short natural life span. These characteristics allow studies that include evaluation
of reproductive performance or exposure to a test article for periods approaching the expected life
span (e.g., evaluation of carcinogenic potential) to be conducted in a practical time frame. High-
quality, healthy mice are available from reliable commercial suppliers. Many genetically well-defined,
highly inbred, specifically or randomly outbred strains are available. Mice have been used in biomed-
ical research for hundreds of years, and because of this, many technical procedures have been
developed for use with the species, and a vast body of historical data is available for most strains.
This historical database includes information on optimal nutritional and housing requirements in
addition to data such as the expected background incidence of various diseases and types of tumors
in untreated animals, and it is continuously being added to (Blackwell et al. 1995).

There are some disadvantages to using mice, and most are related to the small size of the animal.
The smaller size and higher metabolic rate compared to the rat renders the species a bit less hearty
than rats. Deviations in environmental conditions such as an air conditioning failure or failure in
an automatic watering system typically have more severe effects on smaller species such as mice
than they do on rats. Owing to their high level of natural activity, most strains of mice will not
become as docile or easy to handle as rats that have received equivalent handling. Small size often
precludes or renders more difficult a number of procedures that are commonly conducted in toxicity
testing, such as the collection of large samples or repeated samples of blood and urine, electrocar-
diographic evaluation, and some necropsy evaluations.

This section provides brief summaries of some of the normal physiological values and salient
features of the species and some of the specific strains that might be useful in selecting an appropriate
species and strain for toxicity testing.

Normal Physiological Values

Selected normal physiological values for mice are shown in table 2.1 and table 2.2. Median
survival of a number of groups of Charles River CD-1 outbred mice is shown in table 2.3.

These normal values will vary depending on the strain of mouse, supplier, condition at arrival, type
of feed, environmental and housing conditions, and in some cases, time of year. These data should be
considered as a reference, but will not necessarily represent experience in any particular laboratory.
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Table 2.1 Normal Physiological Values: General and Reproductive

General
Life span
Average
Maximum reported
Adult weight
Male
Female
Surface area
Chromosome number (diploid)
Food consumption
Water consumption
Body temperature
Oxygen consumption
Reproductive
Age, sexual maturity
Male
Female
Breeding season
Estrus cycle
Gestation period
Average
Range
Litter size
Average
Range
Birth weight
Age begin dry food
Age at weaning

1-3 years
4 years

20-40 g

18-40 g

0.03-0.06 cm?

40

4-5 g/day

5-8 ml/day ad libitum
36.5°C

1.69 ml/g/hr

50 days (20-35 g)
50-60 days, (20-30 g)
Continuous, cyclic
4-5 days

19 days
17-21 days

12

1-23

159

10 days

16-21 days (10-12 g)

Source: Data derived from Jacoby and Fox (1984), and from the Animal
Diet Reference Guide, Purina Mills, Inc. (1987)

Table 2.2 Normal Physiological Values: Cardiovascular

and Respiratory

Cardiovascular
Heart rate
Average
Range
Blood pressure
Systolic
Diastolic
Blood volume
Plasma
Whole
Hematocrit
RBC life span
RBC diameter
Plasma pH
Respiratory
Rate
Average
Range
Tidal volume
Average
Range
Minute volume
Average
Range

600/min
320-800/min

133-160 mm Hg
102-110 mm Hg

45 mi/kg
78 ml/kg
41.5%
20-30 days
6.6 microns
7.2-7.4

163/min
84-230/min

0.18 ml
0.09-0.38 ml

24 ml/min
11-36 ml/min

Source: Data derived from Jacoby and Fox (1984), and from
the Animal Diet Reference Guide, Purina Mills, Inc. (1987)
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Table 2.3 Median Survival of 16 Groups of Control Mice

Period of Time on Study (Months)

Sex 6 12 18 21
Male 98% 91% 63% 46%
Female 98% 95% 74% 68%

Data represent median survival of Charles River CD-1
outbred albino mice enrolled in 24-month chronic toxicity
studies at pharmaceutical or contract toxicology
laboratories. Source: Adapted from Lang (1989b).

Species Differences

Mice are similar to other common laboratory animal species and to humans in many ways, yet
the differences should not be underestimated. Mice have a high metabolic rate compared to other
species. This fact alone could result in increased or decreased toxicity of a test article, depending
on the specific mechanism of intoxication. In many cases, high metabolic rate may be associated
with rapid ADME of a test article. Mice are obligate nose breathers, and have more convoluted
nasal passages than humans. This might result in an excess of respirable test article deposited in
the nasal passages, causing either increased or decreased relative toxicity, depending on the most
critical site of absorption. The small size of the mouse compared to other common laboratory
species offers a significant advantage if the test article is expensive or in short supply. As an
approximation, a mouse weighs about 10% as much as a rat, about 5% as much as a guinea pig,
about 1% as much as a rabbit, and less than 1% as much as a dog or primate. Material requirements
to administer equivalent dose levels are usually proportional to body weight, so the test article
savings associated with the mouse are evident. The small size of a mouse results in high surface
area to body mass ratio, which in turn causes the mouse to be relatively intolerant of thermal and
water balance stresses. The kidneys of a mouse have about twice the glomerular filtering surface
per gram of body weight as a rat, and owing to the specific architecture of the murine kidney, they
are capable of producing urine that is about four times as concentrated as the highest attainable
human concentrations (Jacoby and Fox 1984). These characteristics of renal architecture and
function might be important to the toxicity of some test articles. Mice differ from most species by
the formation of a persistent vaginal plug after mating. The presence of a vaginal plug is easily
detected, is considered evidence of mating, and is a useful characteristic during the conduct of
reproductive studies.

It is also frequently the case in pharmaceutical research and development that the nonclinical
efficacy model for a new drug is in the mouse, making it the natural choice for rodent evaluation
of the drug.

Strain Differences

In addition to differences between mice and other species, there are important differences among
different strains of mice. The appropriate choice of a strain of mice for a particular toxicity study
should consider the specific objectives of the study and the specific characteristics of candidate
strains that might assist or hinder in achieving those study objectives.

One difference among strains is in the normal body weights of various strains at different ages.
These differences are summarized for selected strains available from the Charles River Breeding
Laboratories in table 2.4. Outbred strains tend to be larger at maturity than inbred strains, with the
CD-1 strain reaching the highest mean weights at 56 days of age of those strains in table 2.4. The
CF-I strain has been reported to be highly resistant to mouse typhoid and to be relatively resistant
to salmonellosis (Hill 1981). Nude or athymic strains of mice are more sensitive to tumor devel-
opment than heterozygous strains. These sensitive strains develop the same types of tumors as those
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Table 2.4 Normal Body Weights in Grams of Selected Strains of Mice

Outbred Strains Inbred Strains Hybrid
Age CD-1 CF-I CFwW C3H C57BU6 BALB/c B6C3FI
(days) M F M F M F M F M F M F M F

21 12 11 12 1 9 9 - - - - - - — -
28 20 18 18 17 16 13 17 16 14 13 16 14 16 14
35 27 22 24 21 19 17 18 17 17 14 17 16 20 17
42 30 24 27 22 24 20 20 18 19 16 18 17 22 18
49 33 26 28 24 27 22 24 23 21 17 20 18 24 19
56 3% 27 30 26 28 23 27 26 22 18 21 19 26 21

Source: Data derived from Charles River Growth Charts, Charles River Laboratories, ca. 1975.

seen in more conventional strains, but the incidences are higher and the latency periods shorter.
There is a wide spectrum of susceptibility to spontaneous lung tumors in various strains of mice,
and evidence suggests that there is a high correlation between spontaneous incidence and chemical
inducibility in those various strains (Shimkin and Stoner 1975).

The inbred strain A mouse appears to be the most susceptible to lung tumors, and forms the
basis of a lung tumor bioassay, with tumors inducible within 8 weeks or less of treatment. Suscep-
tibility of various strains to the initiation or promotion of skin tumors has also been shown to differ
greatly (Chouroulinkov et al. 1988; Steinel and Baker 1988). The incidences of selected spontane-
ously occurring neoplastic lesions in CD-1 (outbred) and B6C3F1 (hybrid) strains are compared
in table 2.5.

The number of strain-related differences in susceptibility to various test articles and environmental
conditions exceeds the scope of this chapter, but additional information is available (Nebert 1981).

Husbandry
Facilities

Facilities used to conduct toxicology studies in mice must have separate and adequate areas for
the required laboratory procedures and for the housing and treatment of study mice. This discussion
is limited to facilities for the housing and treatment of mice. Several characteristics for an adequate
facility for the conduct of toxicity studies intended to support regulatory approval of new drugs are
listed in the Good Laboratory Practice regulations (CFR 1988, para. 58.43). Such a facility should
include enough animal rooms or areas to properly separate different species and projects. In addition,
there should be facilities for the quarantine of incoming or sick animals, and for the isolation of
any studies that involve use of hazardous materials. In practice, animal rooms used for toxicity
studies in mice should not contain any other species of animals. Isolation of individual projects is
generally interpreted to mean that an animal room should be dedicated to a single toxicity study.
One exception to the requirement to conduct only one study per animal room is the case of acute
or very short-term toxicity studies, each of which is limited to a small number of animals. Another
exception is dermal carcinogenesis, or “skin painting” studies, which generally involve a relatively
small number of animals treated for 30 to 40 weeks. A number of acute or dermal carcinogenesis
studies can be run concurrently in a single room. For practical reasons, adequate isolation for acute
or dermal carcinogenesis studies is typically interpreted to mean separate cage racks for each study
or isolation of multiple studies within the room by geographical location within the room. The
intent of the requirements to isolate species and, in most cases, studies is to reduce the probability
of cross-contamination between studies with the various test chemicals or disease entities, and to
minimize the opportunity for accidental administration of the incorrect test substance to a group
of animals. The concept of quarantining incoming animals can be met by having new animals
delivered into a sanitized room that contains no other animals, then allowing the new mice an
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Table 2.5 Incidence of Spontaneously Occurring Neoplastic Lesions
Lesions Occurring at Spontaneous Incidence of ~1% in
Either Sex of Charles River CD-1 or B6C3F1 Mice Strain

CD-1 B6C3F1

Location and lesion M F M F
Lymphoreticular tumors

Lymphosarcoma 6.0 12.0

Lymphocytic leukemia 1.3 1.4

Lymphoma 3.7 9.9

Histiocytic lymphoma 0.5 1.4

Histiocytic sarcoma 0.1 1.4

Lymphoblastic lymphoma 1.1 1.7 0.2 0.1

Lymphocytic lymphoma 2.6 1.7 0.6 1.7

Reticulurn cell sarcoma 2.6 5.1 0.4 0.2
Skin/subcutis

Fibrosarcoma 0.2 0.5 1.0 0.5
Mammary gland

Adenocarcinoma 1.7 0.9
Lung

Bronchiolar/alveolar adenoma 4.0 29 8.3 3.3

Bronchiolar/alveolar carcinoma 3.5 3.1 1.9 0.6

Alveolar type 11 carcinoma 11.7 13.9 0.2 0.1

Alveolar type 11 adenoma 25 1.2

Adenoma 1.2 0.7
Liver

Nodular hepatocellular prolif. 5.4 1.7 0.5 0.1

Hepatocellular adenoma 5.6 0.8 17.2 7.1

Hepatocellular carcinoma 7.3 1.0 13.2 2.4

Hemangioma 1.0 1.2 0.7 0.3

Hemangiosarcoma 1.0 0.2 0.5 0.1
Reproductive system

Ovary

Cystadenoma 1.1 0.3
Uterus

Endometrial stromal polyp 3.3 29

Endometrial sarcoma 1.9 0.6

Leiomyorna 1.0

Leiomyosarcoma 1.0 0.3

Hemangioma 1.0 0.9
Pituitary

Adenoma 3.4 0.3 7.9
Thyroid gland

Follicular cell adenoma 0.2 0.8 2.4
Adrenal

Cortical adenoma 8.6 1.0 0.4 0.3
Harderian gland

Cystadenoma 1.9 1.6

Adenoma 1.5 0.6

Source: Data from Charles River Breeding Laboratories, compiled from
control animals on 24-month studies completed between 1978 and 1986.

adequate acclimatization period prior to initiation of the toxicity study. This procedure minimizes
the risk of exposure of either new or existing animals to incoming or endemic diseases.

The physical conditions in an animal room are referred to as the macroenvironment. These
conditions include such things as the temperature, relative humidity, lighting, ventilation, and
concentrations of various gases (e.g., CO,, ammonia). Many of the macroenvironmental parameters
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are routinely monitored in facilities that conduct toxicology studies. Abnormal fluctuations in some
of these parameters can have a deleterious effect on the validity of toxicity data generated.

Temperature and Relative Humidity

Mice are quite sensitive to variations in temperature, and respond to those variations with
important physiological changes. This sensitivity is caused by the large surface area to body weight
ratio in mice, which causes them to radiate heat quickly in a cold environment. Mice respond to
low temperature by nonshivering thermogenesis, and resting mice can generate heat at a rate about
triple their basal metabolic rate. Group-housed mice can compensate for low temperatures by
huddling in a group, a practice that is more effective in a solid-bottom cage containing bedding.
Mice have a limited capacity to compensate for excessive heat, and do so primarily by vasodilation
of the ears to increase heat loss, and by increasing body temperature by several degrees. In the
wild, mice adapt to excessive temperatures by moving to cool burrows. Mortality is often observed
if the ambient temperature reaches 37°C or higher. The range of environmental temperatures where
an animal’s oxygen consumption is minimal and virtually independent of changes in ambient
temperature is called the thermoneutral zone. The thermoneutral zone for mice is one of the
narrowest of species studied, and is about 30.0°C = 0.5°C. Mice seem to be generally healthier
at a temperature of about 21°C to 25°C than they are within the thermoneutral zone (Jacoby and
Fox 1984). The recommended dry-bulb temperature for a mouse housing room is 18°C to 26°C
(ILAR 1985).

Variations in environmental temperature can affect the results of toxicity studies in unpredictable
ways. Muller and Vernikos-Danellis (1970) found that the acute toxicity of dextroamphetamine was
reduced by tenfold when the temperature was reduced to 15°C from a normal of 22°C, but was
increased by two to threefold when the temperature was increased to 30°C. Conversely, the acute
toxicity of caffeine was increased when the temperature was altered either up or down from 22°C.
Food consumption is inversely related to ambient temperature, and the secondary effects of changes
in food consumption can be complex.

The relative humidity in a mouse room is a significant factor in thermoregulation for the mice
housed. At constant temperature, mice are more active at lower relative humidity than at higher
humidity. This difference is believed to be a function of the mouse’s ability to better dissipate heat
under conditions of lower relative humidity (Stille et al. 1968). Low ambient relative humidity has
been associated with increased transmission of a disease called ringtail in mice. High relative
humidity leads to increased production of ammonia in the urine and feces. Increased ammonia
concentrations have been associated with the development of respiratory diseases in rodents (Brod-
erson et al. 1976). The recommended relative humidity for a room housing mice is 40% to 70%
(ILAR 1985).

Lighting

Any description of lighting in an animal facility must include a description of the intensity,
wavelength or spectrum, and photoperiod of the light.

Light intensity is expressed in footcandles (ftc) (lumen/ft?) or lux (lumen/m?). Historically,
lighting intensity was selected for convenience of the researchers, based on the assumption that
what was good for people was good for mice. In fact, the Guide for the Care and Use of Laboratory
Animals as recently as 1978 recommended light intensity, of 100 to 125 ftc. Mice are nocturnal,
however, so it is not surprising that their eyes are better adapted to lower light levels. Continuous
exposure to light at 100 to 125 ftc for 6 days has been found to cause loss of 90% of the
photoreceptors in albino-beige mice (Robison and Kuwabara 1978). Light levels of 25 ftc or lower
have been recommended for mice (Robison et al. 1982). In addition, the specific design and location
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of individual cages within an animal room can have a substantial effect on the light level at the
animal’s level. Owing to the nocturnal nature of mice and the attenuation of light by the structure
and location of individual cages, there is probably little or no actual injury to an animal housed in
a room lighted to 100 to 150 ftc on a 12-hr light, 12-hr dark cycle.

The wavelength or spectrum of light found in a mouse room is generally a function of the type
of fluorescent lighting in common use at the animal facility. Although the lighting spectrum might
not be of the highest concern in designing toxicity studies, Spalding et al. (1969) showed that mice
exhibited the highest level of voluntary wheel running activity under red light or in darkness; an
intermediate level of activity under yellow; and the lowest under green, blue, or daylight. Recalling
the nocturnal characteristics of mice, the proximity of red light to dusk or darkness and of blue
light to ultraviolet and daylight on the visible spectrum is probably not a coincidence.

The photoperiod for mouse rooms used for toxicity studies is typically diurnal, with a cycle of
about 12 hr light to 12 hr darkness. The photoperiod influences circadian rhythms, and is probably
most often thought of in the context of influence on the estrus cycle. Whereas the estrus cycle of
the rat is synchronized by the photoperiod, the estrus cycle of the mouse is less easily influenced
by photoperiod (Campbell et al. 1976).

Ventilation

Ventilation in an animal housing facility should be designed to provide sufficient fresh air to
remove the thermal load generated by the animals, lights, and equipment; maintain acceptable levels
of dust and odor; provide adequate oxygen; and contain any biohazards or intercurrent disease in
the animal colony.

A common practice for animal facilities has been to design the heating, ventilation, and air
conditioning system to provide 10 to 15 air changes per hour. In reality, this approach can be quite
misleading because it depends on the total volume of the animal room rather than the biological
and thermal load. An animal room with 12-ft ceilings would require 50% more cubic feet of fresh
air per minute to achieve 15 air changes per hour than would a room with 8-ft ceilings. Clearly the
more important factor in this example is the number of cubic feet of fresh air per mouse (or kilogram
of animals) housed rather than the number of air changes per hour. As a guide, an adequate
ventilation rate for a mouse room is about 0.147 ft}/min of fresh air per mouse, with a heat removal
capacity of about 0.6 BTU per hour per mouse (Runkle 1964).

If at all possible, supplied air should be 100% fresh outside air, introduced into the animal
room at ceiling level, with exhaust air picked up at or near the floor to eliminate a maximum
amount of heavier-than-air ammonia vapors. Supply air should minimally be drawn through a
particle filter, and many facilities now include high-efficiency particle (HEPA) filters on supply
air. Addition of HEPA filtration to an existing system usually requires a substantial increase in air
conditioning blower power or capacity to overcome the added resistance of the filters. Supply of
100% fresh air at the ventilation rates discussed entails significant energy costs for heating and
cooling. These costs can be reduced by the installation of a heat (cool) recovery system between
the exhaust air and the incoming fresh air. The efficiencies of such a system are accrued during
both the heating and the cooling seasons. If, for some reason, 100% fresh air cannot be supplied,
any recycled air must be passed through a complex filtration system to prevent reintroduction of
(and cross-contamination by) biological or chemical contaminants and odors.

Relative air pressure between animal rooms and corridors should be considered as a prime
mechanism for control of cross-contamination and communication of disease between animal rooms.
In theory, if all animal rooms are either at positive pressure relative to the corridor, or if all are
negative relative to the corridor, there should be no communication of airborne contamination
between rooms. If any hazardous substances or human pathogens will be used within the animal
rooms, those rooms should be maintained negative to the corridor to prevent contamination of people.
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Noise

There are no specific regulations or guidelines governing noise to which mice can or should
be exposed. There are, however, numerous reports in the literature of adverse or abnormal effects
of “stressful” noise on mice, including reduction in body weight (Fink and Iturrian 1970); changes
in immune response and tumor resistance (Jensen and Rasmussen 1970); audiogenic seizures
(Mokler 1973), which are seen in genetically susceptible mice and can also be induced in normal
mice; unexpected responses to certain drugs (Iturrian and Johnson 1975); actual hearing impairment;
and others. In view of the variety of effects associated with noise, control of environmental noise
in a facility used to conduct toxicity studies in mice should be addressed.

Noise should be described in terms of two dimensions: intensity and frequency. Sound intensity
(sound pressure level or loudness) is measured in decibels (dB) and frequency (pitch) is measured
in hertz (Hz). Hertz is the standard unit for cycles per second. Although a “safe” intensity of sound
has not been described, intensities of 90 to 100 dB have produced adverse effects, including inner
ear damage, and it has been recommended that noise levels be maintained below 85 dB (Anthony
1962). It is especially important to consider the frequency of environmental noise because the
frequency spectrum for hearing in mice differs substantially from that in humans. High-frequency
noise that is inaudible to humans can be disruptive or injurious to mice. The average human ear
can hear sounds in the frequency range of about 20 Hz to 20 kHz, with maximum sensitivity at
about 2 kHz. In contrast, mice cannot hear sounds with frequencies as low as 1 kHz, clearly hear
sounds at 50 kHz, and probably have an upper limit in the range of 60 to 70 kHz (Clough 1982).
Mice emit sound in these upper frequencies, apparently as a means of communication between
mothers and young, and associated with mating and aggression. Environmental noise near these
frequencies might disrupt normal behavior. Devices that emit sound in this spectrum include
ultrasonic motion detectors (used for door openers and intrusion alarms), ultrasonic cleaning and
mixing equipment, high-speed homogenizers, dropped or banged metallic devices (e.g., cages, pans,
covers), and many others. Dogs and nonhuman primates create noise of an intensity and frequency
that can be disruptive to mice.

Environmental noise should be controlled at two levels: the design and selection of facilities
and equipment and establishment of procedures for animal husbandry and the conduct of laboratory
activities that might produce noise at a disruptive intensity or frequency. As the noise of dogs and
nonhuman primates is disruptive to rodents (ILAR 1985), mice should not be housed in close
proximity to these species. Loud noises (e.g., barking of dogs) can be transmitted from room to
room, sometimes significant distances, through the ventilation system ductwork. This transmission
can be reduced by installing labyrinthine configurations and commercially available acoustic atten-
uators in the ductwork that services noisy rooms. Mice should not be housed in close proximity to
essentially noisy operations such as cage washing. Intense, high-frequency noise can be generated
by the movement of cage racks, equipment carts, and so on, in hallways adjacent to animal rooms.
A variety of design considerations can improve this situation. A cage rack moving on rubber or
synthetic cushioned wheels with well-lubricated bearings over a monolithic flooring will be much
quieter than a similar rack on steel wheels with squeaky bearings moving over quarry tile or even
concrete flooring. Procedures should be devised and personnel should be trained with an appreci-
ation for the deleterious effects excessive noise could have on the well-being of mice, and conse-
quently on the results of toxicity studies conducted with those animals.

Construction Parameters

Clearly a detailed discussion of the architectural and engineering aspects of a facility intended
to house laboratory mice is beyond the scope of this text. Our experience, however, has suggested
two areas that should receive top priority when new construction, renovation, or even routine
maintenance is required.
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Cleanability. Animal rooms are exposed to a wide variety of soiling agents on a continuing basis.
Sources include such things as feed dust, spilled water, animal waste, bedding, parasites (e.g.,
mouse pinworms), and various bacterial and viral strains that might infect the species housed.
Consequently, animal rooms must be swept and mopped frequently, typically using a chemical
detergent and disinfectant, and should be sanitized at least before each new study goes into a room,
and on a regular basis if a long-term study is in progress. One of the most effective processes for
sanitization uses a pressure sprayer to clean ceilings, walls, and floors with an effective disinfectant.
This process requires that all surfaces (ceilings, walls, and floors) be coated with a durable,
waterproof, chemical-resistant finish. That finish should withstand impacts, such as cage racks
colliding with walls, and various objects being dropped on floors without damage to the flooring.
In addition, all lighting fixtures, electrical outlets, switches, computer connections, thermostats, and
so on, should be either of waterproof construction, or should be equipped with waterproof covers
that can be closed during sanitization.

Vermin Resistance. Animal rooms are notoriously attractive to insects such as cockroaches, flies,
and other pests. The ready access to feed and water that is essential for the mice is an ideal
environment for insect infestation as well. The use of toxicants to control pests in rooms housing
animals for toxicity studies is discouraged for several reasons. Many common pesticides are known
to induce the synthesis of hepatic microsomal enzymes, which in turn could alter the apparent
toxicity of the substance being tested. As most toxicity studies are conducted on test substances
with unknown or incompletely understood pharmacology, the possible interactions with a particular
pesticide are unpredictable. Pests might consume a toxicant, then enter animal cages prior to dying,
and be ingested by the study mice. This could lead to indirect intoxication of the study animals.

One environmental requirement for a successful insect population explosion is the availability
of a concealed harborage for breeding. We have had remarkable success in controlling insect
infestation in our facility by the simple process of sealing, caulking, closing, or eliminating every
crack, crevice, hole, wall penetration, electrical outlet, and floor drain in our animal rooms. For
this practice to be successful, contractors and maintenance people who work in these rooms must
understand the purpose and importance of their task. Cracks in a wall behind a sink are just as
useful as harborages as cracks in the middle of the wall, so each contractor and maintenance person
must watch for and eliminate these problems when they are found.

If elimination of harborage has not been implemented or is incomplete, it might be necessary
to employ a toxicant on a carefully controlled basis. The study toxicologist should participate in
the selection of a suitable toxicant, factoring in all that is known about the pharmacology of the
substance being tested in the toxicity study and providing a best estimate of possible interactions
with the toxicant. Accurate records should be kept of what toxicant was used, where and how much
was applied, and how often it was applied. These factors should be reviewed and considered when
the toxicity study is completed and the results are being interpreted.

Caging

The physical conditions in an animal cage (primary enclosure) are referred to as the microen-
vironment. These conditions (e.g., temperature, relative humidity, lighting, ventilation, concentra-
tions of various gases [e.g., CO,, ammonia]) might differ substantially from the conditions in the
macroenvironment, depending on the specific design and placement of the cage within the animal
room. Microenvironmental parameters should be evaluated for various cage designs and locations
within animal rooms, but are not routinely monitored in facilities that conduct toxicology studies.

Any caging used for mice in toxicology studies should be designed to provide adequate space
for freedom of movement and a comfortable environment in terms of temperature, humidity, and
ventilation that will minimize stress on the animals. The caging should be cleaned regularly to
allow the mice to remain clean and dry. Caging should be as resistant to escape as possible to
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preserve the integrity of the study as well as the health and safety of the animals. Even if an escaped
animal can be recovered and returned to its cage, the health of the animal and resultant impact on
the integrity of the toxicity data generated remains in question, as the animal might have contacted
toxic or interfering substances during its travels.

Cage Type

The two types of mouse caging most commonly used for toxicology studies are wire-bottom
cages and solid-bottom cages.

Wire-Bottom Cages. Wire-bottom cages are typically suspended in rows on a movable rack with
between 10 and 70 cages arranged on a side. Racks can be single sided or double sided, depending
on the configuration of the animal room and the number of animals that need to be housed. Most
contemporary wire-bottom cages are fabricated of stainless sheet steel backs and sides, with stainless
steel wire mesh fronts and floors. Sides and backs might have holes or slots stamped into them at
manufacture to allow improved ventilation and access to an automatic watering system if one is
available. Mesh fronts allow observation of the animals. Wire-bottom cages are also fabricated of
polycarbonate or other rigid plastic products. Transparent plastic cages provide easier observation
of animals, but typically offer reduced ventilation through the cage itself. Mesh floors allow urine,
feces, and spilled food to drop through, typically to a waste pan or absorbent paper, which can be
cleaned or replaced easily and regularly. Waste pans should be cleaned or papers replaced at least
three times a week. A wire-bottom design has the advantage of keeping animals relatively free of
contamination from urine and feces, and also providing ease of cleaning. Wire-bottom cages should
be rotated out of use and washed at least once every 2 weeks. This washing procedure should be
monitored regularly, and should be adequate to produce negative results on microbiological swab
testing. A procedure that achieves good microbiological test results for cages with average levels
of soil first requires removal (or emptying) of feeders, waste pans, and water bottles (if present).
Then the racks with the suspended wire cages still in place are passed through a commercial rack
washer that operates much like an automatic dishwasher. All cycle times are variable, but an effective
combination for average soil is a wash cycle of about 10 min, followed by initial and final rinse
cycles of about 3 min each. The wash cycle includes an effective disinfectant detergent (e.g.,
PRL-18, manufactured by Pharmacal Research Laboratories, Inc., Naugatuck, Connecticut). All
water temperatures (wash, initial, and final rinse) are maintained at or above 82°C (180°F), but this
temperature is most important for the final rinse.

Solid-Bottom Cages. Solid-bottom cages, often referred to as shoebox cages, can be suspended
in a rack, like wire-bottom cages, or can be supplied with tops, and arranged on shelves, which
are typically movable as a rack. Shoebox cages are typically constructed of polycarbonate, which
allows convenient observation of the animals; polypropylene, which is a translucent plastic; or sheet
metal, such as stainless steel. Shoebox cages provide a secure base for animals, and are essential
if animals are to be allowed to deliver and suckle live litters. Solid-bottom cages can be provided
with filter tops, which can significantly reduce airborne contamination of the environment within
the cage. Filter tops do have a negative impact on ventilation within the cage, and levels of CO,
and ammonia have been found to be substantially higher in cages with filter tops than in those with
stainless steel rod tops (Serrano 1971). There are a number of disadvantages associated with
solid-bottom cages. These cages must be provided with some form of low-dust or dust-free absorp-
tive bedding. This bedding must be changed regularly, which is labor intensive. If matings are
conducted, vaginal plugs are often difficult or impossible to find in the bedding. As mice engage
in coprophagy, a toxic substance or metabolite that is eliminated in the feces may be “recycled,”
thereby leading to an overestimate of the true toxicity of the substance. In addition, mice commonly
ingest various types of bedding, such as wood chips, which renders impossible any serious estimate
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of food consumption. If an automatic watering system is in use, solid-bottom cages have the potential
to fill with water if there is a malfunction, drowning the inhabitant(s).

In routine toxicology studies, solid-bottom cages, covers, feeders, and so on, should be rotated
out of use and washed once or twice a week, and their supporting racks should washed at least
once per month. This cage-cleaning schedule should not be followed if reproductive procedures
(mating, delivery, and suckling of young) are being conducted, as the constancy of home-cage
odor is critical to reproductive efficiency and reducing the likelihood of cannibalization of young.
Cage washing might need to be suspended completely during pregnancy and lactation. (See
“Bedding” section for special practices used with reproduction procedures.) The cage and acces-
sory washing procedure should be monitored regularly, and should be adequate to produce negative
results on microbiological swab testing. A procedure that achieves good micrcobiological test
results in our facility for cages with average levels of soil employs passage through a tunnel washer
on a steel mesh belt. The total transit or cycle time is typically about 3 min, with about 15 sec
for prewash, and just under 1 min each for main wash, rinse, and drying cycles. The wash cycle
includes an effective disinfectant detergent (e.g., Clout, manufactured by Pharmacal Research
Laboratories, Inc., Naugatuck, Connecticut). The rinse water is heated to at least 820°C (1,800°F),
and the drying cycle consists of exposure to high-temperature forced air. The belt speed in a
machine such as this can be reduced (total transit time lengthened) for heavily soiled cages or
increased (transit time shortened) for lightly soiled cages, but the single criteria that governs the
minimum length of the transit time is the maintenance of negative results on the microbiologic
monitoring of the clean cages.

Cage Size

Mouse caging must be of adequate size to allow free movement and to avoid overcrowding.
Minimum space requirements for mice are provided in the Guide for the Care and Use of Laboratory
Animals (ILAR 1985) on the basis of body weight. Those requirements are listed in table 2.6. As
a practical matter, to avoid the need for multiple-sized caging and frequent (e.g., perhaps weekly)
changes in the size of caging occupied, the minimun specified for adults can be used for all ages.

Population

Mice can be housed singly (one to a cage) or in groups (several animals of the same treatment
group caged together) for toxicity testing. It has long been recognized, however, that group housing
can substantially alter the toxicity of some substances. Chance (1946) demonstrated that the acute
toxicity of a group of sympathomimetic amines was increased by two- to tenfold in mice that were
group housed compared to mice housed singly. In addition, increased population in solid-bottom
cages has been shown to lead to substantially higher levels of CO, and ammonia within the cage,
even when open stainless steel rod tops were used, but especially if filter tops were in place (Serrano
1971). Increased levels of ammonia have been associated with hepatic microsomal enzyme induc-
tion, which can alter expected metabolism in a toxicity study.

Table 2.6 Minimum Cage Space Requirements for Mice

Floor Area per Mouse Cage Height
Body Weight (g) in? cm? in cm
<10 6.0 38.7 5 12.7
10-15 8.0 51.6 5 12.7
15-25 12.0 77.4 5 12.7
> 25 15.0 96.8 5 12.7
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Single Occupancy. Single housing of mice used in toxicity studies offers many advantages. Of
paramount importance is the reduced likelihood of mistaking the identity of individuals when
conducting various study procedures (weighing, dosing, collecting various observational or other
data). Singly housed mice are more quickly and easily identified and captured throughout the study.
In addition, the risk of injury or cannibalism is eliminated in the event that one member of a group
becomes debilitated. The biggest disadvantage to single housing is cost. Purchase price for indi-
vidual caging for large numbers of mice is much higher than the cost for group housing. Individual
caging requires much more floor space in the animal rooms than group caging for an equivalent
number of animals, and the cost to provide animal care (food, water, cage cleaning, and sanitization)
is much higher for single caging.

Group Housing. The biggest advantage to group housing is cost savings. Disadvantages include
increased probability of mistaken identity, increased stress on animals as a result of establishment
and testing of dominance hierarchy, and difficulty with individual animal identification systems.
Group-housed mice tend to tear out each other’s ear tags, and tattooed markings might be obliterated
as a result of repeated fighting for dominance. Measurement of food or water consumption is
generally not useful for group-housed mice, as the distribution of food and water among animals
of different hierarchical positions tends to be quite uneven. Group housing in solid-bottom cages
effects microenvironmental parameters within the cage such as temperature, humidity, various gas
concentrations (CO,, ammonia), and others.

Bedding

Some form of bedding material is required in solid-bottom cages to allow mice to remain clean,
dry, and free of urine and feces. The Good Laboratory Practice (GLP) regulations (CFR 1988, para.
58.90) states that bedding should “not interfere with the purpose or conduct of the study” and
should “be changed as often as necessary to keep the animals dry and clean.” Appropriate bedding
should absorb urine effectively, be as free of dust as possible to minimize pulmonary complications,
be free of contaminating chemicals, and have no unacceptable effect on the normal physiology or
metabolism of the mice. Inhalation of aromatic hydrocarbons from cedar and pine bedding has
been shown to cause induction of hepatic microsomal enzymes, which could seriously compromise
the results of a toxicity study (Vesell 1967; Wade et al. 1968). Opinions differ on whether the use
of cedar wood shavings as