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Foreword

The first edition of Biomarkers in Toxicology, edited by Ramesh Gupta, was published in 2014. The whole area of
biomarkers, not only in toxicology, is rapidly developing, partly because of the availability of highly sophisticated
analytical equipment, and so the second edition of this book is greatly welcomed. The second edition contains 12
new chapters, and most of the rest have been updated.

Merriam Webster defines a biomarker as a distinctive biological or biologically derived indicator (as a metab-
olite) of a process, event, or condition (as, for example, aging, disease, or oil formation). There are other definitions,
for example, in Environmental Health Criteria 222 Biomarkers. In Risk Assessment http://www.inchem.org/
documents/ehc/ehc/ehc222.htm#1.0 biomarkers are defined thus “A biomarker is any substance, structure or
process that can be measured in the body or its products and influence or predict the incidence of outcome or
disease.” The subject of the present book is biomarkers in toxicology, but it should be remembered that biomarkers
include substances used in the detection of numerous diseases, including the autoimmune diseases, which are not
generally thought to be toxicological in origin. However, biomarkers are crucial to toxicology and allied disciplines
such as epidemiology and risk assessment.

The earliest toxicological biomarkers of exposure date from before precise analytical techniques were available
and include the KaysereFleischer ring (described 1902/3), usually indicative of copper accumulation in the cornea
in cases of Wilson’s disease, as well as lead lines in the gums associated with lead toxicity. The cherry red color
noted as a (rather unreliable) clinical sign in carbon monoxide poisoning may also be described as a biomarker.

One of the earliest biomarkers relying on biochemical analytical techniques was measurement of cholinesterase
activity, initially whole blood cholinesterase and later plasma pseudocholinesterase (butyrylcholinesterase) and red
blood cell acetylcholinesterase. Cholinesterase measurements were introduced at defense laboratories after World
War II as a screening test for excessive exposure to organophosphate compounds: a 20% depression in activity was
considered to mandate cessation of exposure of individuals to organophosphate nerve agents (the basis of the 20%
figure is obscure, but seemed protective). Pseudocholinesterase and red blood cell acetylcholinesterase measure-
ments now have numerous uses in worker protection, clinical diagnosis of poisoning, and human and experimental
animal studies (including regulatory ones) in relation to the use of organophosphate and other anticholinesterase
pesticides. Since World War II biomarkers of toxicity have ballooned in importance and number in worker and
consumer protection and clinical and experimental toxicology and are also widely used in regulation of chemicals
in animal and, less commonly, human experimental studies. Toxicological biomarkers are also used in allied
disciplines, for example, epidemiology, and may be used to estimate loads of exposure in populations being
investigated.

In toxicology, biomarkers are often divided into biomarkers of exposure, of effect, and of susceptibility, and all of
these are dealt with in this book, which is extremely wide-ranging. The book has an initial introductory part,
including discussion of rodent, nonhuman primate, and zebrafish and Caenorhabditis elegans models for toxico-
logical testing. There are two new chapters in this part: firstly, Drosophila melanogaster, Eisenia fetida, and Daphnia
magna for toxicity testing and biomarkers and secondly, adverse outcome pathways and biomarkers.

Part II, systems toxicity biomarkers, comprises chapters on biomarkers of toxicity in relation to all important
organs and organ systems. There is an additional chapter on reproductive and developmental toxicity biomarkers,
and another on ototoxicity biomarkers. Part III, renamed chemical agents, solvents, and gases toxicity biomarkers,
deals with biomarkers in relation to the toxicity of specific groups of compounds and comprises chapters on
pesticides, as well as polychlorinated biphenyls (PCBs), polybrominated biphenyls (PBBs), brominated flame re-
tardants, polycyclic aromatic hydrocarbons (PAHs), bisphenol A, melamine and cyanuric acid, and metals; there is
a very useful chapter on biomarkers of chemical mixture toxicity. Part IV (biotoxins biomarkers) has three chapters
on, respectively, freshwater cyanotoxins, mycotoxins, and poisonous plants: biomarkers for diagnosis (of
poisoning). Part V covers pharmaceuticals and nutraceuticals, with chapters on drug toxicity biomarkers and
nutriphenomic biomarkers together with a new chapter on biomarkers of toxicity for dietary ingredients contained
in dietary supplements. Part VI covers nanomaterials and radiation, with two chapters, one on biomarkers of
exposure and effect of engineered nanomaterials and the other on biomarkers of exposure and effects of radiation.
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Part VII is entitled carcinogens biomonitoring and cancer biomarkers and contains six chapters. These are on
biomonitoring exposures to carcinogens, genotoxicity biomarkers, epigenetic biomarkers in toxicology, breast
cancer biomarkers, pancreatic and ovarian cancer biomarkers, and prostate cancer biomarkers. Part VIII is called
disease biomarkers and deals with biomarkers of Alzheimer’s disease, biomarkers of Parkinson’s disease, bio-
markers for drugs of abuse and neuropsychiatric disorders: models and mechanisms, osteoarthritis biomarkers,
pathological biomarkers in toxicology and oral pathology biomarkers. Of these, the chapters on osteoarthritis and
oral pathology are new. Part IX is called special topics. This part of the book contains chapters on biomarkers of
mitochondrial dysfunction and toxicity, biomarkers of blood-brain barrier dysfunction, biomarkers of oxidative/
nitrosative stress and neurotoxicity, cytoskeletal disruption as a biomarker of developmental neurotoxicity, mem-
brane transporters and transporter substrates as biomarkers for drug pharmacokinetics, pharmacodynamics, and
toxicity/adverse events, and citrulline: pharmacological perspectives and role as a biomarker in diseases and
toxicity. Of these chapters, that on the blood-brain barrier dysfunction is new and is particularly welcome as the
blood-brain barrier is very important in protecting the central nervous system against toxicants. The last part of the
book is on applications of biomarkers. It contains three new chapters: biomarkers detection for toxicity testing using
microarray technology, metabolomics, and proteomics. Also there are chapters on transcriptomic biomarkers,
percellome toxicogenomics, biomarkers in computational toxicology, biomarkers in biomonitoring of xenobiotics
and biomarkers in toxicology, risk assessment, and environmental chemical regulations.

The 67-chapter book has an outstanding array of authors from the United States, Canada, Denmark, Finland,
Greece, India, Italy, Japan, Portugal, Romania, and Spain. Professor Gupta deserves our gratitude for assembling
such a distinguished group of experts to produce so comprehensive a book on this rapidly growing and very
important field.

Timothy C Marrs
Edenbridge

United Kingdom
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C H A P T E R

1

Introduction
Ramesh C. Gupta

Toxicology Department, Breathitt Veterinary Center, Murray State University, Hopkinsville, Kentucky, United States

Biomarkers can broadly be defined as indicators or
signaling events in biological systems or samples of
measurable changes at the molecular, biochemical,
cellular, physiological, pathological, or behavioral levels
in response to xenobiotics. The Biomarkers Definitions
Working Group of the National Institutes of Health
(NIH) has defined the biomarker as “a characteristic
that is objectively measured and evaluated as an indica-
tor of normal biological processes or pharmacological
responses to a therapeutic agent.” In the field of toxi-
cology, biomarkers have been classified as markers of
exposure, effect, and susceptibility. Measurement of bio-
markers reflects the time course of an injury and pro-
vides information on the molecular mechanisms of
toxicity. These biomarkers provide us the confidence of
accurate diagnosis, prognosis, and treatment. The bio-
markers of early chemical exposure can occur in concert
with biomarkers of early disease detection, and that in-
formation aids in avoiding further chemical exposure
and in strategic development of a novel treatment,
including personalized medicine (i.e., treating the pa-
tient, and not the disease). In essence, with the utiliza-
tion of specific biomarkers, an ounce of prevention can
be worth a pound of treatment.

Biomarkers are used in drug development, during
preclinical and clinical trials, for efficacy and safety
assessment. Biomarkers can reveal valuable information
regarding diagnosis, prognosis, and predict treatment
efficacy or toxicity; serve as markers of disease progres-
sion; and serve as auxiliary endpoints for clinical trials
(Stern et al., 2018), with the ultimate goal of delivering
safe and effective medicines to patients (Lavezzari and
Womack, 2016: Gerlach et al., 2018). In addition, a
biomarker in drug development should be ethically
acceptable (Hey, 2017). Safety biomarkers can be used
to predict, detect, and monitor drug-induced toxicity
during both preclinical studies and human clinical trials.

Developing and validating highly sensitive methods for
measurement of biomarkers and understanding the
resultant data are complex processes that require a great
deal of time, effort, and intellectual input. Furthermore,
understanding drug metabolism seems essential in
some cases, as the metabolite of a drug can be used as
a biomarker, and the drug and/or its metabolite has to
be patented by the United States Patent Office and by
a similar governmental office/agency in other countries.
In the past, many drugs were developed with biomarker
assays that guided their use, and this trend is likely to
continue in the future for drug discovery and develop-
ment. With the judicious use of biomarkers, as in
evidence-based medicine, patients are most likely to
benefit from select treatments and least likely to suffer
from their adverse effects. On the contrary, utilization
of a bad biomarker can be as harmful to a patient as a
bad drug. Therefore, biomarkers need to be validated
and evaluated by an accredited laboratory, which partic-
ipates in a proficiency testing program, to provide a high
level of confidence to both clinicians and patients.

In the toxicology field, biomarkers should be specific,
accurate, sensitive, validated, biologically or clinically
relevant, and easy and fast to perform to be useful as
predictive tools for toxicity testing and surveillance
and for improving quantitative estimates of exposure
and dose. Therefore, biomarkers are utilized for bio-
monitoring data that are useful in a variety of applica-
tions, from exposure assessment to risk assessment,
management, and regulations (Ganzleben et al., 2017).

In the early 1990s, Dr. Maria Cristina Fossi from the
University of Siena, Italy, emphasized the approach for
the development and validation of nondestructive bio-
markers over destructive biomarkers in the field of toxi-
cology. She described the ideal biomarker as being
measurable in readily available tissues or biological
products and obtainable in a noninvasive way; related
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to exposure and/or degree of harm to the organism;
directly related to the mechanism of action of the con-
taminants; highly sensitive with techniques that require
minimal quantities of sample and are easy to perform
and cost-effective; and suitable for different species.

The development and validation of new techniques in
the laboratory may provide the basis for a valuable field
method. But, before a new biomarker’s application,
some basic information is required, such as dosee
response relationships, and biological and environ-
mental factors, which can influence the baseline values
of responses. It is important to mention that, when
dealing with a biochemical or metabolic biomarker, spe-
cies differences can be the biggest challenge for any
toxicologist.

Biomarkers have applications in all areas of toxi-
cology, especially in the fields of pesticides, metals, my-
cotoxins, and drugs. In the case of veterinary
toxicology, biomarkers of plant toxins deserve equal
attention. Farmers, pesticide application workers, and
greenhouse workers are exposed to pesticides by direct
contact and their family members can be exposed via
secondhand exposure. Measurement of residues of pes-
ticides, and their metabolites and metals in urine,
serves as the most accurate and reliable biomarkers of
exposure in agriculture, industrial, and occupational
safety and health settings. Recent evidence suggests
that in utero or early life exposure to certain pesticides,
metals, and other environmental contaminants may
cause neurodegenerative (Alzheimer’s, Parkinson’s,
schizophrenia, Huntington’s, ALS, and others) and car-
diovascular diseases, diabetes, and cancer later in life.
In these diseases and many others, specific and sensi-
tive biomarkers play important roles in early diagnosis,
and this can serve as the cornerstone for timely thera-
peutic intervention.

Mycotoxin-related toxicity, carcinogenesis, and other
health ailments are encountered in man and animals
around the world. In developing countries, where regu-
latory guidelines are not strictly followed, adverse
health effects (especially reproductive and develop-
mental effects) are devastating. In these scenarios, early
biomarkers of exposure play a pivotal role in avoiding
further exposure to the contaminated food/feed and
thus safeguard human and animal health.

With the current knowledge of system biology, prote-
omics, metabonomics, toxicogenomics, and various
mathematical and computational/chemometric model-
ings, undetectable biomarkers can be discovered and
these biomarkers can predict how tissues respond to tox-
icants and drugs and/or their metabolites, and how the
tissue damage and repair processes compromise the tis-
sue’s function. Imaging and chemometric biomarkers
are of greater sensitivity and carry more information
than conventional biomarkers, as they detect (1) low

levels of chemical exposure (exposure biomarker) and
(2) an early tissue response (endogenous response
biomarker). The priority will always be for the develop-
ment of a noninvasive approach over an invasive
approach, and nondestructive biomarkers over destruc-
tive biomarkers, but this may not be possible in all cases.

In 2011, the Joint SOT/EUROTOX Debate proposed
that “biomarkers from blood and urine will replace
traditional histopathological evaluation to determine
adverse responses,” identifying and comparing the
strengths and limitations of histopathology with serum
and urine biomarkers. Unlike histopathological tech-
niques, blood and urine biomarkers are noninvasive,
quantifiable, and of translational value. Of course, the
complete replacement of histopathological biomarkers
with blood and urine may not be possible in the near
future, as in some instances histopathological bio-
markers will still be used because of recent develop-
ments in invaluable molecular pathology techniques.

For the quest of developing the most sensitive and
reliable biomarkers, integration of novel and existing
biomarkers with a multidisciplinary approach appears
fruitful. Furthermore, a multibiomarker approach seems
more informative and accurate than a single biomarker
approach. By now, microRNAs (miRNAs) have been
well recognized as reliable and robust biomarkers for
early detection of diseases, birth defects, pathological
changes, cancer, and toxicities (Quiat and Olson, 2013;
Wang et al., 2013; Bailey and Glaab, 2018). Because
they are stable in biofluids, such as blood, there is
rapidly growing interest in using miRNAs as diagnostic,
prognostic, and predictive biomarkers, and the outlook
for the clinical application of miRNA discoveries is
promising, especially in molecular medicine. Soon,
incorporating pharmacological and toxicological target-
ing of miRNAs into the development of innovative ther-
apeutic strategies will be routine. Still, more innovative
biomarkers need to be developed that will be highly
sensitive (biotechnology-based techniques), require
minimum quantities of sample, and will promise high-
throughput screening.

At the recent meetings of the Society of Toxicology,
the EUROTOX, and International Congress of Toxi-
cology, a large number of toxicologists emphasized the
importance of biomarkers in health, disease, and
toxicity. Accordingly, Biomarkers in Toxicology, second
edition has been prepared to meet the challenges of to-
day’s toxicologists, pharmacologists, environmentalists,
and physicians in academia, industry, and government.
This reference book is of particular interest to those in
governmental agencies, such as NIH, USEPA, USFDA,
USDA, NIOSH, OSHA, CDC, REACH, EFSA, etc. This
is the most comprehensive biomarkers book to date as
it covers every possible aspect of exposure, effects, and
susceptibility to chemicals. There are many novel topics
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in this volume that are not covered in any previous
book. This edition identifies and establishes the most
sensitive, accurate, unique, and validated biomarkers
that can be used as indicators of exposure and effect(s)
of chemicals, and chemical-related long-term diseases,
such as cardiovascular, metabolic and neurodegenera-
tive diseases, and cancer. Sixty-seven chapters are orga-
nized under eight sections with a user-friendly format,
and each chapter is enriched with current literature
and references for further reading. This book begins
with general concepts of toxicity and safety testing and
biomarker development using various animal and ani-
mal alternative models, adverse outcome pathways, fol-
lowed by biomarkers of system/organ toxicity,
chemicals, solvents, gases, and biotoxins. There are
several chapters on biomarkers of pharmaceuticals,
nutraceuticals, petroleum products, chemical mixtures,
radiation, engineered nanomaterials, epigenetics, geno-
toxicity, and carcinogens. In the disease section, chapters
cover the biomarkers of Alzheimer’s, Parkinson’s,
neuropsychiatric disorders, osteoarthritis, and some
other pathological conditions. Under special topics,
chapters are included on mitochondrial dysfunction
and toxicity, the bloodebrain barrier, oxidative/nitrosa-
tive stress, developmental neurotoxicity, miRNAs as in-
dicators of tissue injury, and citrulline in diseases and
toxicity. Lastly, a large number of chapters are dedicated
to the application of biomarkers in toxicology, including
the latest strategies and technologies in the development
of biomarkers, biomarkers in drug development, safety
evaluation, and toxicity testing and integration of bio-
markers in biomonitoring of chemical exposure and
risk assessment, especially in the context of industrial,

environmental, and occupational medicine and
toxicology.

The editor remains indebted to the contributors of
this book for their hard work and dedication. These con-
tributors are highly qualified and considered authorities
in the fields of toxicology, pharmacology, pathology,
biochemistry, and human and veterinary medicine. He
expresses his gratitude to Ms. Denise Gupta and Ms.
Robin B. Doss for their untiring support in technical
assistance and text and reference checking. Finally, the
editor would like to thank Ms. Kristi Anderson, Ms. Kat-
tie Washington, Ms. Kathy Padilla, and Mr. Mohana
Priyan Rajendran (the editorial staff at Academic
Press/Elsevier) for their immense support at every stage
of the production of this book.
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Rodent Models for Toxicity Testing and
Biomarkers
Shayne C. Gad

Principal of Gad Consulting Services, Raleigh, NC, United States

INTRODUCTION

Three rodent species are widely used in toxicology:
the rat, the mouse, and the hamster. Two of these, the
rat andmouse, are themost widely used in experimental
biology and medicine. These have formed the basis for
exploring the efficacy of drugs and for the identification
and evaluation of toxicities associated with exposure to
drugs, industrial and agricultural chemicals, and under-
standing the mechanisms of their toxicity since toxi-
cology became an identified discipline.

A large (and growing) set of biomarkers are known
for use in identifying and determining the relative
(and relevant) risks to humans or other target species.
These include:

• Body weights
• Clinical pathology (hematology)
• Clinical chemistry
• Organ weights
• Gross histologic changes at necropsy
• Immunogenicity
• Microscopic evaluation of tissues
• Changes in physiologic functions and

electrophysiology
• Effects on specific genomic markers

Biomarkers are measurements of test model (animal)
parameters that can provide important quantitative data
about the biological state of the test model, which are
predictive of effects in humans. These biomarkers in
toxicology are preferably shared by both test animals
and humans and in a manner that the relationship of
findings in one species to another is known.

Accordingly, we will proceed to understand the cur-
rent uses of these three rodent species as predictive
models for effects in humans, as well as how they are
measured and what their normal ranges are.

As these potential pieces of data are overviewed and
considered, it is important to remember that each of
these biomarkers is a part of the overall picture as to
what the model is predicting as per potential adverse ef-
fects in humans. Meaningful safety assessment requires
that all the data be incorporated in an integrated safety
assessment. Because dose/toxicodynamic relationships
will vary with level of exposure of test animals, it is
also necessary that multiple (traditionally at least three)
“dose” levels be evaluated.

The picture becomes both more complex but also
clearer as to relevance as new biomarkers are identified
and became understandable. These include proteomics
(Amacher, 2010), new clinical chemistry parameters, im-
mune system responses, and real time functional physi-
ologic system measurements by telemetrized
instrumentation (Gad, 2013).

Table 2.1 (Gad, 2013) presents the current most rele-
vant associations of biomarkers with renal and liver
toxicity, whereas Table 2.2 (adopted from Gad, 2013)
presents an overview of the association between clas-
sical clinical chemistry parameters and specific target
organ toxicities (Table 2.3). Table 2.4 summarizes
causes associated with hematological findings in
the rat.

Over the last 10 years, diligent efforts under the
rubric of the Critical Path Initiative have led to the iden-
tification of a more specific set of clinical chemistry bio-
markers for key potential target organs.
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Heart Troponins Zethelius et al. (2008)

Kidney KIM-1, Albumin, Beta-2-
Microglobulin

Hoffmann et al. (2010), Ozer
et al. (2010), and Vaidya et al.
(2010)

Liver DILI (Drug Induced Liver
Injury)l ALT, BUN,
coagulation factor

Shi et al. (2010)

Other recently identified biomarkers for specific tar-
gets include:

1. Mitochondrial Dysfunction. Increased uptake of
calcium (because ATP depletion) by mitochondria
activates phospholipases, resulting in accumulation
of free fatty acids. These cause changes in the
permeability of mitochondrial membranes, such as
the mitochondrial permeability transition.

2. Progressive Loss of Phospholipids. Increased
degradation by endogenous phospholipases and
inability of the cell to keep up with synthesis of new
phospholipids (reacylation, an ATP-dependent
process).

3. Cytoskeletal Abnormalities. Activated proteases lyse
cytoskeletal elements and cell swelling causes
detachment of cell membrane from cytoskeleton;
stretching of the cell membrane results in increased
membrane damage.

4. Reactive Oxygen Species. Produced within the cell by
infiltrating neutrophils and macrophages, especially
after restoration of blood flow to an area (reperfusion
injury). Cell injury triggers release of a number of
inflammatory cytokines and chemokines that amplify
the host immune response and attract neutrophils to
the site.

5. Lipid Breakdown Products. Unesterified free fatty acids,
acyl carnitine, and lysophospholipids. These have a
detergent effect on membranes and may exchange
with membrane phospholipids, causing permeability
changes.

THE RAT

Use in Toxicological Research

Ideally, safety testing of products intended for use in
humans, or to which humans could be exposed, should
be done in humans. The data from humans would apply
without reservation to complex human physiology and
cellular/biochemical mechanisms and human risk
assessment. Unfortunately, humans cannot be used for
this purpose. Therefore, the choice of an appropriate
species for toxicology studies should be based on a com-
parison of the pharmacokinetics, target pharmacody-
namics, and metabolism of the test compound in
different laboratory species and man. In the absence of
this data, this choice is often based on practicality and
economics. The rat has become a species of choice
because of the metabolic similarities, as well as their
small size, relatively docile nature, short life span, and
short gestation period. The extensive use of the rat in
research has led to the development of a large historical
database of their nutrition, diseases, and general
biology.

Characteristics

Although the rat is a species of choice in toxicology
research because of the many physiological similarities
and anatomical characteristics, differences exist that
must be considered when designing and conducting
studies with this animal. Rats are obligate nose
breathers; as such an inhaled test material is subject to
nasal filtration and absorption. The placenta is consider-
ably more porous in the rat. This difference may increase
the chance of fetal exposure to an administered test ma-
terial or increase the overall level of fetal exposure to an
administered test material. The overall distribution of
intestinal microflora is different in the rat, which may
lead to differences in the metabolism of an orally admin-
istered test material. These and other differences in the
rat may lead to positive signs of toxicity to a test material
that may not be present in a different species. There are

TABLE 2.1 Classic Associations in Toxicology

Liver Toxicity Renal Toxicity

Increased plasma
activity of liver marker
enzymes, e.g., alanine
and aspartate
aminotransferases

Increased water consumption and
urine volume. Urine parameters
may change, e.g., enzymes and
cellular debris.

Decreased plasma total
protein concentration

Increased plasma concentrations
of urea and creatinine.
Proteinuria.

Increased coagulation
times due to decreased
synthesis of
coagulation factors

Severe renal toxicity may lead to
decreased erythrocyte parameters
due to effects on erythrocyte
synthesis

Increased liver weight
due to enzyme
induction or
accumulation of lipid or
glycogen

Increased kidney weight

Change in color or size
at necropsy

Change in color or size at
necropsy

Histological findings
such as necrosis or
centrilobular
hypertrophy due to
enzyme induction

Histological change, e.g.,
basophilic tubules or necrosis,
papillary necrosis, or glomerular
changes.
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TABLE 2.2 Association of Changes in Biochemical Parameters With Actions at Particular Target Organs (Gad, 2013)

Parameter Blood Heart Lung Kidney Liver Bone Intestine Pancreas Notes

Albumin Y Y Produced by the liver; very significant
reductions indicate extensive liver
damage

ALP [ [ [ Elevations usually associated with
cholestasis; bone alkaline phosphatase
tends to be higher in young animals

ALT (formerly SGPT) [ Elevations usually associated with
hepatic damage or disease

AST (formerly SGOT) [ [ [ [ Present in skeletal muscle and heart and
most commonly associated with damage
to these

Beta-2-Microglobulin [

Bilirubin (total) [ [ Usually elevated due to cholestasis, due
to either obstruction or hepatopathy

BUN [ Y Estimates blood filtering capacity of the
kidneys; does not become significantly
elevated until the kidney function is
reduced 60%e75%

Calcium [ Can be life threatening and result in
acute death

Cholinesterase [ Y Found in plasma, brain, and RBC

CPK [ Most often elevated due to skeletal
muscle damage but can also be produced
by cardiac muscle damage; can be more
sensitive than histopathology

Creatinine [ Also estimates blood filtering capacity of
kidney as BUN does

Glucose [ Alterations other than those associated
with stress uncommon and reflect an
effect on the pancreatic islets or anorexia

GGT [ Elevated in cholestasis; this is a
microsomal enzyme, and levels often
increase in response to microsomal
enzyme induction

HBDH [ [ e

KIM-1 [

LDH [ [ [ [ Increase usually due to skeletal muscle,
cardiac muscle, or liver damage; not very
specific

Protein (total) Y Y Absolute alterations usually associated
with decreased production (liver) or
increased loss (kidney); can see increase
in case of muscle wasting (catabolism)

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

Trophonin [

ALP, alkaline phosphatase; BUN, blood urea nitrogen; CPK, creatinine phosphokinase; GGT, gamma glutamyl transferase; HBDH, hydroxybutyric dehydrogenase;

LDH, lactic dehydrogenase; RBCs, red blood cells; SDH, sorbitol dehydrogenase; SGOT, serum glutamic oxaloacetic transaminase (also called AST [aspartate amino

transferase]); SGPT, serum glutamicpyruvic transaminase (also called ALT [alanine amino transferase]); [, increase in chemistry values; Y, decrease in chemistry

values.
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also differences (though generally less striking) between
different strains of rats and sometimes even between the
animals supplied by difference sources.

Strain Differences

Breeding rats for specific characteristics has produced
some physiological differences between strains of rats.
Some of these differences are known to affect how the
various strains react to toxicants. Among others, strain

specific differences have been found in sensitivity to
thiourea (Dieke and Richter, 1945), sensitivity to acet-
aminophen nephrotoxicity (Newton et al., 1985a,b), the
incidence of spontaneous glomerular sclerosis (Bolton
et al., 1976), sensitivity to the carcinogenic actions of
7,12-dimethylbenz(a)anthracene (Boyland and Sydnor,
1962), the effects of trimethyltin on operant behavior
and hippocampal glial fibrillary acidic protein (GFAP)
(MacPhail et al., 2003), differences in renal

TABLE 2.3 Liver Enzymes

“Liver Enzyme” Nomenclature Plasma-Tissue Sources Cellular Location

AST (SGOT) Aspartate Aminotransferase Liver, Heart, Skeletal Muscle,
Kidney, Brain, RBCs

Mitochondria, Cytoplasm

ALT (SGPT) Alanine Aminotransferase Mostly liver, Heart, Skeletal
Muscle

Cytoplasm

Alk Phos (AP) Alkaline Phosphatase Bile ducts, GI tract, Bone, Placenta Membranes

GGT Gamma-glutamyl transferase Liver, Kidney, Heart Membranes

GDH Glutamate Dehydrogenase Liver, Kidney Skeletal Muscle Mitochondria

SDH Sorbitol Dehydrogenase Mostly liver Cytoplasm

LDH Lactate Dehydrogenase Heart, Skeletal Muscle, RBCs,
Lung, Liver, All tissues

Cytoplasm

RBC, red blood cell.

TABLE 2.4 Some Probable Conditions Affecting Hematological Changes (Gad, 2013)

Parameter Elevation Depression Parameter Elevation Depression

Red blood cells
(RBCs)

1. Vascular shock
2. Excessive diuresis
3. Chronic hypoxia
4. Hyperadreno

corticism

1. Anemias
a. Blood Loss
b. Hemolysis
c. Low RBC production

Platelets 1. Bone marrow
depression

2. Immune
disorder

Hematocrit 1. Increased RBC
2. Stress
3. Shock

a. Trauma
b. Surgery

4. Polycythemia

1. Anemias
2. Pregnancy
3. Excessive hydration

Neutrophils 1. Acute bacterial
infections

2. Tissue necrosis
3. Strenuous exercise
4. Convulsions
5. Tachycardia
6. Acute hemorrhage

Hemoglobin 1. Polycythemia (increased in
production of RBC)

1. Anemias
2. Lead Poisonings

Lymphocytes 1. Leukemia
2. Malnutrition
3. Viral infections

Mean cell
volume

1. Anemias
2. B-12 deficiency

1. Iron deficiency Monocytes 1. Protozoal infections

Mean
corpuscular
hemoglobin

1. Reticulocytosis 1. Iron deficiency Eosinophils 1. Allergy
2. Irradiation
3. Pernicious anemia
4. Parasitism

White blood
cells

1. Bacterial infections
2. Bone marrow stimulation

1. Bone marrow depression
2. Cancer chemotherapy
3. Chemical intoxication
4. Splenic disorders

Basophils 1. Lead poisoning
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carcinogenesis (Hino et al., 2003), differences in cyto-
chrome P4501A1 gene expression caused by 2,3,7,8-
tetrachlorodibenzo-p-dioxin in the liver (Jana et al.,
1998), susceptibility to 4-nitroquinoline 1-oxide induce
carcinoma (Kitano et al., 1992), and differences in the
levels of drug-metabolizing enzymes (Page and Vesell,
1969). In recent years, research and breeding programs
have been focused on producing inbred and outbred
strains focused on specific disease models and suscepti-
bility to the development of certain carcinomas. When
choosing a strain for use, it is important to consider these
differences.

Of importance for carcinogenicity studies, strain dif-
ferences have been found in the incidence of sponta-
neous tumors. Table 2.5 gives the incidence of
spontaneous tumors found in commonly used strains
in carcinogenicity studies. The historical incidence is
important to the analysis of a study in that a high spon-
taneous rate may mask a small test materialerelated in-
crease in tumor incidence.

Because of lower spontaneous tumor rates, the Wistar
has become the most popular strain in toxicological
research.

Normal Physiological Values

General values for selected physiological parameters
are given in Tables 2.6 and 2.7. Normal values will vary
based on the strain of animal, supplier, feed, and hous-
ing conditions. These tables should be used as a point
of reference only.

STUDY DESIGNS

The length and design of toxicology studies used to
predict human risk are governed by guidelines issued
by regulatory bodies such as the US Food and Drug

Administration (FDA), the International Conference on
Harmonization (ICH), the Environmental Protection
Agency (EPA), and their counterparts worldwide. Toxi-
cology studies are divided into a series of three sets of
studies that are required for each phase of clinical trials.
For initial approval to begin clinical trials, the following
studies are required. The length of dosing in the toxi-
cology studies varies depending on the intended length
in clinical trials. A test compound intended to be a
repeat dose study for up to 28 days in duration initially
requires a two phase study in which a maximum toler-
ated dose (MTD) following a single administration is
determined followed by a second phase during which
the test compound is administered daily at dose levels
based on the MTD for 5e7 days (Table 2.8). Following
the completion of the MTD study a 14 or 28 Day Repeat
Dose study should be conducted (Table 2.9). These
studies assess the effects of a test compound at dosages
that do not cause immediate toxic effects.

In support of Phase 2 clinical trials, longer-term sub-
chronic and chronic toxicity studies (Table 2.10) should
be conducted. Subchronic and chronic toxicity studies
are designed to assess the test compound effects
following prolonged periods of exposure. The highest
dosage level in each of these studies should produce a
toxic effect such that target organs may be identified.
The lowest dosage level should provide a margin of
safety that exceeds the human clinical dose and ideally
allows for the definition of no observable effect level.
Alternatively, when effects related to the pharmacolog-
ical mechanism of the test compound or when observed
effects may be related to treatment with the test com-
pound but may not be of toxicologic significance, a no
observable adverse effect level (NOAEL) may be
determined.

In addition to the subchronic and chronic toxicity
studies in support of Phase 2 clinical trials, reproductive

TABLE 2.5 Incidence of Common Spontaneous Tumors in Fischer 344 and CD (SD)IGS Rats

Organ

% Tumors in Untreated Rats

Tumor Type

CD(SD)IGS CD (SD) Fisher Wistar

Male Female Male Female Male Female Male Female

Adrenal gland Pheochromocytoma 10.0 2.3 11.3 2.3 11.9 3.2 3.2 1.3

Mammary gland Fibroadenoma 1.4 44.5 1.3 16.7 0.8 7.1 1.2 30.2

Pancreas Islet cell adenoma 3.6 1.4 4.0 0.3 1.5 0.2 5.3 1.9

Pituitary gland Adenoma pars distalis 33.6 56.8 35.7 50.3 12.4 28.2 41.1 65.8

Testis Interstitial cell tumor 1.8 7.0 74.6 4.3

Thyroid gland C-Cell Adenoma 10.5 5.0 5.0 5.7 12.5 8.2 10.1 10.7

Adapted from Charles, R., 2011. Spontaneous Neoplastic Lesions in the Crl:CD BR Rat. Charles River Laboratories, Inc., Massachusetts; Mitsumori, K., Watanabe, T., Kashida, Y.,

2001. Variability in the Incidence of Spontaneous Tumors in CD (SD) IGS, CD (SD), F244 and Wistar Hannover Rats in Biological Reference Data on CD(SD) IGS Rats, Yokohama,

CD(SD) IGS Study Group.
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safety studies may also be required. Reproductive
toxicity studies are typically required for a test com-
pound intended to be administered to women of child-
bearing age or may affect male reproduction. These
studies include an assessment of the potential effects
of the test compound on general fertility and reproduc-
tive performance (Segment I), developmental toxicity
(Segment II), or affect perinatal and postnatal develop-
ment (Segment III). The highest dose in reproductive
studies should be chosen so that administration causes
some minimal toxicity. Typically, a dose range finding
pilot study in a small number of animals should be con-
ducted prior to initiating the definitive reproductive
toxicology studies. Examples of protocols designed to
meet the ICH guidelines are presented in Tables 2.9,
2.9A, and 2.10.

In support of Phase 3 clinical trials, two carcinogenic-
ity studies may be required (Table 2.8), one in rats and
one in mice. Typically 18 months to 2 years in duration,
this type of study is designed to assess the potential of
the test compound to induce neoplastic lesions. The
highest dosage in a carcinogenicity study should cause
minimal toxicity when administered via the intended
route for clinical use. The preclinical studies required

TABLE 2.6 Selected Normative Data

HUSBANDRY

Room temperature (�C) 18e26

Relative humidity (%) 30e70

Ventilation (air change/h) 10

Light/dark cycle (h) 12e14/12e10

Minimum cage floor size

Housed individually (cm2) 350

Breeding with pup (cm2) 800

Group housed (cm2 adult) 250

GENERAL

Life span (years) 2.5e3.0

Surface area (cm2) 0.03e0.06

Chromosome number (diploid) 42

Water consumption (mL/
100 g/day)

10e12

Food consumption (g/day) 20e40

Average body temperature (�C) 37.5

REPRODUCTION

Puberty (males and females) 50 � 10 days

Breeding season All year

Type of estrous cycle Polyestrous

Length of estrous cycle 4e5 days

Duration of estrous 10e20 h

Mechanism of ovulation Spontaneous

Time of ovulation 7e10 h after onset of estrous

Time of implantation Late day 4 or 5a

Length of gestation 21e23 days

Litter size 8e16 pups

Birth weight 5e6 g

Eyes open 10e12 days

Weaning age/weight 21 days/40e50 g

CARDIOVASCULAR

Arterial blood pressure

Systolic (mmHg) 116e145

Diastolic (mmHg) 76e97

Heart rate (beats/min) 296e388

Cardiac output (mL/min) 10e80

Blood volume (mL/kg) 64

PULMONARY

Respiration (breaths/min) 100e140

Tidal volume (mL) 1.1e2.5

TABLE 2.6 Selected Normative Datadcont’d

Compliance (mL/cm H2O) 0.3e0.9

Resistance (cm H2O/mL s) 0.1e0.55

Pattern Obligate nasal

RENAL

Urine volume 15e30 mL/24 h

Naþ excretion 200 mmol/L/24 h

Kþ excretion 150 mmol/L/24 h

Urine osmolarity 2000 mOsm/kg H2O

Urine pH 7.3e8.5

Urine specific gravity 1.01e1.07

Urine creatinine 6 mmol/L/24 h

Glomerular filtration rate 1.0 mL/min/100 g body weight

aThe estrous cycle length may vary from 4 to 5 days between strains. Time of

implantation may vary based upon the length of the estrous cycle and is dependent

upon Day 0 or the first day sperm is found in the vagina.

Data from Baker, H.J., Lindsey, J.R., Weisbroth, S.H., 1979. Housing to control research

variables. In: Baker, H.J., Lindsey, J.R., Weisbroth, S.H. (Eds.), The Laboratory Rat, vol.

1. Academic Press, New York, pp. 169e192; Hofsteller, J., Svekow, M.A., Hickman, D.L.,

2006. Morphophysiology. In: Svekow, M.A., Weisbroth, S.H., Franlin, C.L. (Eds.), The

Laboratory Rat, second ed. vol. I. Academic Press, New York, pp. 93e125; Peplow, A.,

Peplow, P., Hafez, E., 1974. Parameters of reproduction. In: Vo, I., Melby, E., Altmon, N.

(Eds.), Handbook of Laboratory Animal Science. CRC Press, Boca Raton, pp. 107e116;

Waynforth, H., Flecknell, P., 1980. Experimental and Surgical Technique in the Rat,

second ed. Elsevier Academic Press; Sharp, P., LaRegina, M., 1998. The Laboratory Rat.

Academic Press, Philadelphia; Van Zutphen, L.F.M., Baumans, V., Beynen, A.C., 1993.

Principles of Laboratory Animal Science. Elsevier, Amsterdam.

I. TOXICITY TESTING MODELS AND BIOMARKERS

2. RODENT MODELS FOR TOXICITY TESTING AND BIOMARKERS12



in support of the clinical trials are dependent on the
intended route and frequency of administration of the
test compound and the intended age group to be treated
(Tables 2.11e2.14).

ROUTES OF TEST ARTICLE
ADMINISTRATION

Oral Routes

Rodents have several unique characteristics to be
considered regarding the oral administration of test
compounds. One of the most important characteristics
is the lack of an emetic response. The lack of this
response allows for a higher dose of a potential emetic
compound to be administered and evaluated. Many
compound and excipients may cause emesis in dogs or
other large animal species and may lead to a low level
of exposure and erratic blood levels. A second factor to
consider is that rodents are nocturnal and eat most of
their food at night. When maintained on a 12 h lighte
dark cycle, rats have been found to consume 75% of their
daily food intake during the dark cycle (Wong and Oace,
1981). This should be taken into consideration when
designing an oral gavage study and determining when
the animal may be dosed. Early in the light cycle,

animals are more likely to have a full stomach and com-
plications associated with dosing may occur if large vol-
umes of test article are administered. In addition, a full
stomach may affect gastric emptying and the rate of ab-
sorption of an orally administered test compound.

Techniques for oral administration of test compounds
include mixing in the diet, via gavage or stomach tube,
via capsule, or in drinking water. The most widely
used methods of oral administration are the dietary
and gavage techniques.

Dietary Versus Gavage Methods

The choice between dietary and gavage dosing tech-
niques is typically based on several factors. A scientific
decision can only be made with a knowledge of the
pharmacokinetics of the test compound administered
by both methods. Other considerations that may be
used in making this decision are as follows.

The dietary method can be used if a compound can be
mixed with the diet, is stable under storage conditions in
the diet, and is palatable to the animal. A major advan-
tage of the dietary method is that it requires less
manpower to perform the study. The diet mixing pro-
cess can be performed weekly or, if stability allows,
less often. The mixing and feeding process is less
labor-intensive than gavaging rats on a daily basis.

TABLE 2.7 Growth Rates in Selected Rat Strains

Age (days)

Weight (g)

Crl:CD (SD)IGSBR Crl:(WI)BR Crl:(LE)BR CDF(F-344)/CrlBR

M F M F M F M F

Up to 50 Up to 23 Up to 23 Up to 23 Up to 25 Up to 21 Up to 21 Up to 23 Up to 23

51e75 24e28 24e29 24e28 26e30 22e25 22e26 24e29 24e29

76e100 29e34 30e35 29e32 31e34 26e29 27e31 30e34 30e35

101e125 35e37 36e39 33e35 35e40 30e34 32e36 35e39 36e42

126e150 38e42 40e44 36e40 41e47 35e37 37e43 40e45 43e55

151e175 43e45 45e50 41e44 48e56 38e42 44e50 46e50 56e72

176e200 46e49 51e56 45e48 57e64 43e46 51e55 51e57 73e105

201e225 50e52 57e70 49e52 65e81 47e49 56e69 58e63 105þ
226e250 53e56 71e84 53e56 82e105 50e55 70e86 64þ
251e275 57e59 84e105 57e61 106þ 56e58 87e102

276e300 60e65 106þ 62e67 59e64 103þ
301e325 66e71 68e73 65e70

326e350 72e77 74e79 71e80

351e375 78e87 80e87 81e90

376þ 88þ 88þ 91þ
Adapted from Charles, R., 2004. Growth Rates in Selected Rat Strains. Charles River Laboratories, Inc., Massachusetts.
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Several disadvantages also exist in using the dietary
method. Methods must be developed and validated to
prove homogeneity and stability. This is not as easy a
process as with a suspension or solution. The dietary
method is also less exact than the gavage method, in
that the concentration of compound mixed in the feed
is based on predicted feed consumption and body
weights. In addition, if the feed is not palatable to the an-
imal, or the test compound makes the animal ill, feed
consumption may be reduced thereby reducing expo-
sure to the test compound. In addition, the facility and
control animals may be exposed to the test compound
through dust or vapors.

The gavage method may be used when the test com-
pound is not stable in the diet or may not be palatable to
the animals. In addition, the gavage method is prefer-
able when evaluating toxicokinetics or pharmacoki-
netics. As with dietary mixtures, test compound
administered via gavage as a solution or suspension
should be analyzed for homogeneity, stability, and con-
centration. Methods for solution or suspension may be
easier to develop than those required for dietary mix-
tures. For Good Laboratory Practices (GLP) studies,
evaluation of homogeneity, stability, and concentration
should be conducted for every study. If the same meth-
odology and batch size are used for multiple studies, ho-
mogeneity may be established once. Stability of the test
compound in solution or suspension should be deter-
mined under the testing conditions in the proposed
vehicle. Typically, stability for toxicology studies is
established for between 7 and 14 days. If the test com-
pound is not found to be stable, stability of shorter dura-
tion may be established. Lastly, concentration analysis
should be established for each dose level and should
be periodically evaluated during longer-term studies.

With the gavage method of dosing, a more precise
amount of the test compound can be delivered and

TABLE 2.8 Maximum Tolerated Dose Study in Rats

Phase A Oral MTD Study

Males Females

Dose Level 1 3 3

Dose Level 2 3 3

Dose Level 3 3 3

Dose Level 4 3 3

Phase B 7-Day Oral Range Finding Study

Main Study Toxicokinetics

Males Females Males Females

Control 5 5 e e

Low dose 5 5 9 9

Mid dose 5 5 9 9

High dose 5 5 9 9

Experimental Design:

In Phase A, the dose level will be increased until the maximum tolerated dose

(MTD) is determined. The MTD is a dose that produces neither mortality nor more

than a 10% decrement in body weight nor clinical signs of toxicity. In Phase B,

animals will be dosed daily for 7 days at fractions of the single dose MTD to estimate

a repeat dose MTD.

Dose Route/Frequency:

As requested.

Phase A: Once.

Phase B: Once per day for 7 consecutive days.

Observations: Twice daily in both phases (mortality/moribundity).

Detailed Clinical Observations: Daily in both phases.

Body Weights: Daily in both phases.

Food Consumption: Daily.

Clinical Pathology (Phase B only): Hematology, clinical chemistry, and

urinalysis evaluations on all surviving main study animals at termination.

Necropsy (Phase B only): Tissues saved for possible future histopathological

evaluation.

Organ Weights (Phase B only): Adrenals, brain, heart, kidneys, liver, lungs,

ovaries with oviducts, pituitary, prostate, salivary glands, seminal vesicles, spleen,

thyroid with parathyroid, thymus, testes, uterus.

Toxicokinetics: Blood collected on days 1 and 7 (three cohorts consisting of three

animals/sex/treatment group bled twice to equal six time points), calculation of

Cmax, Tmax, AUC0-24, and T1/2.

TABLE 2.9 14 or 28 Day Repeat Dose Toxicity Study in Rats

Main Study* Toxicokinetics

Males Females Males Females

Vehicle control 10 10 e e

Low dose 10 10 9 þ 3a 9 þ 3a

Mid dose 10 10 9 þ 3a 9 þ 3a

High dose 10 10 9 þ 3a 9 þ 3a

Observations: Twice daily (mortality/moribundity).

Detailed Clinical Observation: Weekly.

Functional Observational Battery: Pretest and Day 14 or 25.

Body Weights: Weekly.

Food Consumption: Weekly.

Ophthalmology: All animals prior to test article administration; all surviving main

study animals at study termination.

Clinical Pathology: Hematology, clinical chemistry, and urinalysis evaluations on

all surviving main study animals at termination.

Toxicokinetics: Blood collected on Days 1 and 14 or 27 (three cohorts consisting

of three animals/sex/treatment group bled twice to equal six time points); TK

modeling. The use of subsets of all the animals in a test group is called “spare

sampling,” intended to avoid the need for additional (“Satellite”) groups of animals.

Note that although six time points are commonly collected, more may be required or

taken to adequately characterize a drug’s pharmacokinetics.

Necropsy: All main study animals; toxicokinetic animals euthanized and discarded.

Organ Weights: Adrenals, brain, heart, kidneys, liver, lungs, ovaries with

oviducts, pituitary, prostate, salivary glands, seminal vesicles, spleen, thyroid with

parathyroid, thymus, testes, uterus.

Slide Preparation/Microscopic Pathology: All animals in the vehicle control and

high dose groups and all found dead animals: full set of standard tissues; low and mid

dose group target organs (to be determined); gross lesions from all animals.
aThree additional animals/sex/treatment group included as replacement animals.

* Should also refer to table note “a”.
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may reduce the amount of test compound required to
complete the study. This becomes important when eval-
uating the effects of a pharmaceutical, as the required
dose levels and exposure levels to show safety may be
lower than that required for a pesticide or chemical. A
disadvantage of the gavage method is that it involves
handling of the rat for each dosing. Handling of the rat
has been shown to increase corticosterone levels (Barrett
and Stockham, 1963) and may affect study results. Addi-
tionally, daily intubation may lead to death due to
esophageal puncture or inhalation pneumonia.

Dietary Method

When utilizing the dietary method, the test com-
pound is mixed with the diet and administered to the
animals either ad libitum or the diet is presented to
the animals for a fixed amount of time each day. The
dosage received by an animal is regulated by varying
the concentration of test compound in the diet based
on the predicted food consumption and body weight.

Food consumption and body weight predictions are
based on historical laboratory data for early time points
in a study. As the study progresses, growth and food
consumption curves can be established for each group

TABLE 2.9A 28 Day Repeat Dose Toxicity Study With
Immunophenotyping in Rats

Main Study Toxicokinetics

Males Females Males Females

Vehicle control 10 10

Low dose 10 10 9 þ 3a 9 þ 3a

Mid dose 10 10 9 þ 3a 9 þ 3a

High dose 10 10 9 þ 3a 9 þ 3a

Observations: Twice daily (mortality/moribundity).

Detailed Clinical Observation: Weekly.

Functional Observational Battery: Pretest and Day 25.

Body Weights: Weekly.

Food consumption: Weekly.

Ophthalmology: All animals prior to test article administration; all surviving main

study animals at study termination.

Clinical Pathology: Hematology, clinical chemistry, and urinalysis evaluations on

all surviving main study animals at termination.

Immunotoxicology: Immunophenotyping of blood leukocytes by flow cytometry on

all surviving main study animals at termination. NK cell assay on blood leukocytes

of all surviving main study animals at termination. May include identification of any

antidrug antibodies (ADAs).

Toxicokinetics: Blood collected on Days 1 and 27 (three cohorts consisting of three

animals/sex/treatment group bled twice to equal six time points).

Necropsy: All main study animals; toxicokinetic animals euthanized and discarded.

Organ Weights: Adrenals, brain, heart, kidneys, liver, lungs, ovaries with

oviducts, pituitary, prostate, salivary glands, seminal vesicles, spleen, thyroid with

parathyroid, thymus, testes, uterus, two lymph nodes (e.g., mesenteric, axillary,

popliteal, etc.) including the lymph node draining the route of administration.

Slide Preparation/Microscopic Pathology: All animals in the vehicle control and

high dose groups and all found dead animals: full set of standard tissues (add Peyer’s

patch, extra lymph node); low and mid dose group target organs; gross lesions from

all animals.
aThree additional animals/sex/treatment groups included as replacement animals;

the control animals will not be evaluated for toxicokinetics.

TABLE 2.10 Subchronic and Chronic Toxicity Study in Rats

Main Study Toxicokinetics

Males Females Males Females

Vehicle control 15 15 e e

Low dose 15 15 9þ3a 9þ3a

Mid dose 15 15 9þ3a 9þ3a

High dose 15 15 9þ3a 9þ3a

Observations: Twice daily (mortality/moribundity).

Detailed Clinical Observation: Weekly.

Body Weights: Weekly.

Food Consumption: Weekly.

Ophthalmology: All animals prior to test article administration; all surviving main

study animals at study termination.

Clinical Pathology: Hematology, clinical chemistry, and urinalysis evaluations on

all surviving main study animals at termination.

Toxicokinetics: Blood collected on Days 1 and 90 (three cohorts consisting of three

animals/sex/treatment group bled twice to equal six time points); TK modeling.

Necropsy: All main study animals; toxicokinetic animals euthanized and discarded.

Organ Weights: Adrenals, brain, heart, kidneys, liver, lungs, ovaries with

oviducts, pituitary, prostate, salivary glands, seminal vesicles, spleen, thyroid with

parathyroid, thymus, testes, uterus.

Slide Preparation/Microscopic Pathology: All animals in the vehicle control and

high dose groups and all found dead animals: full set of standard tissues; low and mid

dose group target organs; gross lesions from all animals.
aThree additional animals/sex/treatment group included as replacement animals.

TABLE 2.11 Study of Fertility and Early Embryonic Development
to Implantation in Rats

Males Females

Vehicle control 25 25

Low dose 25 25

Mid dose 25 25

High dose 25 25

Dose Route/Frequency: Males dosed began 28 days before mating and continued

until euthanasia. Females dosed began 14 days before mating and continued

through Day 7 of gestation (implantation).

Observations: Twice daily (mortality/moribundity).

Clinical Examinations: Observations for clinical signs, body weights, and food

consumption measurements recorded during the study period. Beginning at initiation

of test article administration, females examined daily to establish estrous cycle.

Uterine Examinations: Performed on dams on Day 13 of gestation. Gravid

uterine weight and the weight of the ovaries recorded. Total number of corpora lutea

and implantations, location of resorptions, and embryos recorded. Females

subjected to necropsy, and reproductive organs and gross lesions fixed for possible

microscopic evaluation.

Evaluation of Males: Following disposition of females, the males were euthanized

and subjected to a necropsy. The testes and epididymides weighed, and analysis of

sperm parameters (concentration, motility, and morphology) performed.

Reproductive organs and gross lesions fixed for possible microscopic evaluation.

Statistical Analysis: Standard.
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and group mean data can be used to predict future food
consumption. Different concentrations of the test com-
pound and diet should be made for each sex.

Test compounds and diets are mixed in two steps: (1)
the compound and about 10% of the total amount of diet
are blended in a premix, then (2) the premix and the re-
mainders of the diet are mixed. The total amount of diet

to be mixed is first weighed out, the 10% is separated
into the premix. To make the premix, the entire test com-
pound and an aliquot of the diet (from the 10%) are put
into a mortar. These ingredients are groundwith a pestle

TABLE 2.12 Embryo-Fetal Development in Rats

Time Mated Females

Vehicle control 25

Low dose 25

Mid dose 25

High dose 25

Dose Route/Frequency: Dosing initiated on Day 6 of gestation and continued to

include Day 17 of gestation.

Observations: Twice daily (mortality/moribundity).

Clinical Examinations: Daily Gestation Days 6 through 20.

Body weights/Food Consumption: Gestation Days 0, 6, 9, 12, 15, 18, and 20.

Cesarean Section/Necropsy: Litters will be delivered by cesarean section on Day

20 of gestation. Gravid uterine weight will be recorded. Total number of corpora

lutea, implantations, early and late resorptions, live and dead fetuses, and sex and

individual body weights of fetuses will be recorded. External abnormalities of fetuses

will be recorded. Approximately one-half of the fetuses will be processed for visceral

abnormalities, and the remaining fetuses will be processed for skeletal abnormalities.

Dams will be subjected to a necropsy and gross lesions and target organs (if known)

will be saved.

TABLE 2.13 Pre- and Postnatal Development, Including Maternal Function in Rats

P Generation (F0) F1 Generation

Males Females Males Females

Vehicle control NA 25 25 25

Low dose NA 25 25 25

Mid dose NA 25 25 25

High dose NA 25 25 25

Number in Study: P Generationd100 females, F1 Generationd100 males, 100 females.

Dose Route/frequency: Once daily to P animals from Gestation Day (GD) 6 to Postnatal Day (PND) 21. F1 animals not dosed.

Observations: Twice daily (mortality/moribundity).

Clinical Observations: P femalesddaily during treatment/F1 adultsdweekly.

Body Weights:

P femalesdGD 0, 6, 10, 14, 17, and 20, PND 0, 7, 10, 14, and 21.

F1 malesdWeekly through termination.

F1 femalesdWeekly until evidence of copulation detected, then GD 0, 7, 10, and 13.

Food Consumption: P femalesdOn corresponding body weight days during gestation/lactation.

Vaginal Smears: All F1 females during a 21-day cohabitation period until evidence of copulation is detected.

Litter Evaluations: All F1 offspring, count, body weight, sex, clinical observations on PND 0, 4, 7, 14, 21; behavioral and developmental evaluation of four males and

four females from each litter for static righting, pinna detachment, cliff aversion, eye opening, air drop righting reflex, neuropharmacological evaluation, auditory response.

One male and one female (selected for the next generation) tested for sexual maturation (vaginal opening, preputial separation), motor activity/emotionality, and passive

avoidance.

Cesarean Section: On GD 13, F1 females for location of viable and nonviable embryos, early and late resorptions, number of total implantations, and corpora lutea.

Sperm Evaluation: May be conducted on F1 males if evidence of reduced fertility is noted (additional cost).

Necropsy: Gross lesions/target organs fixed for possible microscopic evaluation (additional cost).

All P females at PND 22 as well as all F1 weanlings not selected for F1 generation.

All F1 females at GD 13.

All F1 males after termination of F1 cesarean sections.

TABLE 2.14 Carcinogenicity Study in Rats

Main Study 6-Month Satellite

Males Females Males Females

Vehicle control 60 60 20 20

Low dose 60 60 20 20

Mid dose 60 60 20 20

High dose 60 60 20 20

Study Desgin: Group as per Table 2.14.

Observations: Twice daily (mortality/moribundity).

Detailed Clinical Observations: Once weekly.

Body Weights: Weekly for first 13 weeks, monthly thereafter.

Food Consumption: Weekly for first 13 weeks, monthly thereafter.

Ophthalmology: All animals pretest and all survivors prior to terminal sacrifice.

Clinical Pathology:

Main Study: Hematology at termination.

6-Month Satellite: Hematology, clinical chemistry, and urinalysis evaluations on all

surviving satellite animals at termination.

Necropsy: All animals.

Slide Preparation/Microscopic Pathology: All animals, full set of standard

tissues, all masses, and all lesions.

Statistical Analysis: Standard.
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until the mixture appears homogeneous. The mixture
and the remainder of the premix are then layered in a
small capacity mixer and mixed for 5e10 min. The
time for this mixing process can be varied if analysis
shows the total mixture is not homogeneous. For the
final mix, the premix and the remainder of the diet are
layered in a large capacity mixer. The mixing time will
vary with the type of blender and can be varied if the
analysis shows the total mixture is not homogeneous.

Several types of blenders are available for the mixing
process; these include open-bowl “kitchen” mixers, Vor
PK blenders, and Turbula mixers. Metal parts should be
ground to eliminate electrostatic forces. In addition,
alternative methods of dietary administration such as
microencapsulation may be used for volatile, reactive,
or unpalatable chemicals.

Gavage Method

In the gavage procedure, the test compound is admin-
istered by passing a feeding tube or gavage needle
attached to a syringe down the esophagus into the
stomach.

Test Article Preparation

If not already a liquid, the test compound is prepared
for administration by adding it to the appropriate vehicle.
The choice of vehicle will depend on the characteristics of
the compound and whether it is to be administered as a
suspension or a solution. In addition, consideration must
be given to the effects of the vehicle on the rat (Gad and
Chengelis, 1998). Common vehicles used include water
and food grade oils such as corn oil. Suspensions are
made when aqueous vehicles are desired and the test
compound is not soluble. Suspending agents such as
methylcellulose are added to increase the viscosity and
hold the compound in suspension. Other agents such as
Tween 80, ethanol, polyethyleneglycol 400 (PEG 400),
and others may be used as wetting or stabilizing agents.

Equipment

Soft catheters made of silastic or polyethylene (e.g.,
infant feeding tubes), stainless steel gavage needles
with smooth ball-shaped tips, or polyethylene gavage
needles with ball-shaped tips are commonly used. All
are commercially available and are relatively inexpen-
sive. Although the soft catheter minimizes the chance
of esophageal trauma, liquid can leak past the catheter
and back up the esophagus and be aspirated. The ball-
shaped tips of the stainless steel gavage needles reduce
the chances of tracheal injections; however, if an animal
struggles while the needle is in the esophagus, the rigid
needle increases the chances of perforating the esoph-
agus. The polyethylene gavage needle incorporates the
best of both the soft catheter and the stainless steel

needle, but because of the flexible nature of the needle,
the risk for tracheal injection is increased.

Conybeare and Leslie (1980) found that deaths in
gavage studies were a result of aspiration of small
amounts of irritant solutions or acidic, hypertonic solu-
tions. They also found that the use of a ball-tip 4 mm in
diameter helped to eliminate deaths related to dosing.
With gentle handling, the animals will be acclimated to
the techniques used and dosing will become easier.

Aspiration and tracheal administration of test com-
pound as well as esophageal trauma have been associ-
ated with gavage dosing and may lead to difficulty in
interpretation of the study. The catheter and the needles
all have risks inherent in their use; therefore, care should
be taken when using these tools and animal technicians
should be properly trained. The choice of the appro-
priate catheter or needle should be left up to the techni-
cian and should be whatever the technician has been
trained and is most comfortable with.

Technique

The description below is appropriate for either a
gavage needle or catheter; for simplicity, only the needle
will be mentioned in the description. Prior to picking up
the animal, the syringe should be attached to the needle
and filled with the appropriate amount of test com-
pound to be delivered. Any air bubbles should be elim-
inated and the needle wiped clean of residual test
compound. This is done so that the animal does not taste
the test compound and residual test compound is not
aspirated as the needle is passed down the esophagus.
If the dosing liquid is distasteful, the animal may strug-
gle after repeated dosing and increase the chances of be-
ing injured.

To position the animals for gavage, it should be
grasped by the skin of the back and neck ensuring that
the head, neck, and back are in a straight line. Alterna-
tively, the animals can be grasped about the shoulders,
with the index finger and thumb on either side of the
head. The objective is to firmly hold the animals to be
able to control any struggling if it occurs and to also pre-
vent the animal from being able to bite the technician.
For even more control, the animal may be placed on a ta-
ble or brought up against the operator’s chest.

Once the animal is in position, the needle can be
inserted into the mouth of the animal, moved over the
tongue, and down into the esophagus. The length of
the needle should be inserted into the animal. A slight
rotation of the needle may help with insertion into the
esophagus. If the needle is inserted into the trachea,
the animal may struggle. The syringe should be grasped
lightly such that, if the animal does struggle, the chances
of an esophageal tear are minimized. If the animal con-
tinues to struggle, the needle should be withdrawn to
allow the animal to calm down, and then dosing should
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be attempted again. Alternatively, if a catheter is used, as
the tube is placed into the mouth, it should be placed to
the side between the molars. This is done because the
tube may by bitten or transected if passed too close to
the front teeth.

With the needle in place, the test compound should
be slowly expelled into the animal. If administered to
rapidly, reflux may occur and the test compound may
back up into the esophagus, resulting in an inaccurate
dose being given and possible aspiration of the test com-
pound. Once the dose has been delivered, the needle
should be withdrawn and the animal observed for any
signs of distress or respiratory difficulty. An experienced
technician should be able to dose between five and
seven animals per minute without causing discomfort
to the animals and with minimal dosing-related deaths.

Gavage liquids are commonly administered at a vol-
ume of 5e10 mL/kg body weight. The volume should
be enough to be delivered accurately, but not so much
that it will adversely affect the animal. The maximum
volume should be no more than 20 mL/kg. If using vol-
umes greater than 10 mL/kg, it may be advisable to fast
the animals for several hours prior to dosing. This will
ensure that the stomach is empty prior to dosing and
able to handle the larger volume. This option should
be considered carefully, as fasting can affect the rate of
absorption and clearance from the stomach. In addition,
the choice of housing and bedding should be considered
when dosing with large volume as rats have the ten-
dency to eat the bedding, which may hinder gavage
dosing. In addition, the volume chosen can have an ef-
fect on the results of the study and volumes greater
the 10 mL/kg should only be used when issues of solu-
bility and exposure exist. Ferguson (1962) found that a
change in dose volume of from 5% to 1% of body
weight could reduce mortality rate from approximately
95%e5%, respectively, at equivalent doses.

Neonatal Administration

Neonatal intragastric injections can be made orally
with thin silicone tubing (Gibson and Becker, 1967;
Smith and Kelleher, 1973) or by intragastric injection
with a 27-gauge needle through the abdominal wall
(Worth et al., 1963; Bader and Klinger, 1974). The oral
method using silicone tubing is performed in a similar
manner to the previously described method in adult
rats. The intragastric injection through the abdominal
wall is performed by first locating the stomach in the up-
per left quadrant of the abdomen and then carefully
inserting the needle through the abdominal wall into
the stomach taking care that the animal does not
move. The syringe should be gently aspirated to ensure
proper placement and then the injection completed and
the needle withdrawn.

Capsule

To eliminate the possibility of dosing errors and to
deal with compounds that cannot be delivered through
conventional means, methods have been developed for
the administration of capsules into the esophagus of
the rat. The test compound may be prefabricated into a
small capsule or the test article may be weighed and
placed into commercially available capsules. An indi-
vidual capsule is then placed into a specially designed
cup in the end of a gavage needle, and the needle is
then inserted into the esophagus of the rat. The capsule
is then pushed out of the cup into the esophagus using
either air or a rod inside the needle. The needle is then
withdrawn and the capsule moves down into the stom-
ach by peristaltic action. Only a small amount of test
compound can be administered as a single dose using
this method, but multiple capsules can be administered
sequentially in the same dosing session.

Water

As an alternative to dietary administration, com-
pounds that are water soluble, palatable to the rat, and
stable in water may be administered via the drinking
water. This method offers similar advantages as adding
a test compound to the diet. Additionally, compounds
will be more easily mixed and analyses will be more
easily developed than when a compound is in the diet.
However, spillage of water makes measurement of the
actual dose received difficult.

Intravenous Route

One of the most common methods of administration
of test compound is via intravenous (iv) injection or
infusion. The iv route is often the route of choice for
compounds that have poor bioavailability via the oral
route or have a short half-life. Several issues must be
considered when administering a test compound intra-
venously. The compound must be soluble in an accept-
able iv vehicle or excipient, must be able to be
administered as a solution, and should be sterile or ster-
ile filtered prior to administration. In addition, when
designing a study, the pharmacokinetic profile of the
test compound administered intravenously should be
considered. Study activities such as clinical observations
and functional observational battery should be planned
around the expected time of greatest plasma
concentration.

Avariety of veins may be used for iv injections (Diehl
et al., 2001). These include the lateral tail (caudal), jugu-
lar, femoral, saphenous, lateral marginal, dorsal meta-
tarsal, sublingual, and dorsal penile vein. Although
most of these are superficial, and easily available for in-
jection, several require the use of anesthesia or more
than one technician and may be of limited use in repeat
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dose studies. Although anesthesia may be acceptable for
acute studies or surgical model, its repeated use may
have an effect on the toxicity of a test compound.

Lateral Tail Vein

The lateral tail veins are currently the most widely
used for iv injections in the rat. The veins are easily
visible, especially in young animals and injections can
be performed by one person without the use of anes-
thesia. The technician performing the function should
be well trained and care should be taken to ensure that
the lateral veins are being accessed and not the dorsal
or ventral artery of the vein.

Bolus Injection

The animal should be placed in an appropriate
restrainer. This typically consists of a solid tube in which
the animal is placed into headfirst and has a stop that is
placed behind the animal with a hole that allows the tail
to hang out the back. The restraint tube is designed to be
secure enough that the animal cannot move, back out, or
turn, but can still breathe comfortably. Once secure, the
tail should be cleaned and the vein may be dilated
with heat. This may be accomplished by placing the
tail in warm water (40e45�C), placed under a heat
lamp, or wrapped with warm gauze. Care must be taken
to avoid using excessive heat as tissue damage may
result. Minasian (1980) describes a tourniquet made
from a plastic syringe and thread. If used, this should
not be left on for an extended period of time.

When performing an injection, the end of the tail
should be held firmly and taut with the thumb and in-
dex finger of one hand. A 23-gauge needle attached to
an appropriately sized syringe should be held with the
bevel up at a shallow angle parallel to the vein. The
skin of the tail is then pierced and the needle advanced
until resistance is no longer felt. The plunger of the sy-
ringe should then be aspirated to ensure proper place-
ment of the needle. The use of a needle with a clear or
transparent hub will facilitate confirmation of correct
placement. Blood backflow into the needle confirms en-
try into the vein. Alternatively, a butterfly needle with an
extension line may be used. The butterfly needle with an
extension set precludes the need to hold the tail, needle,
and syringe. When using this type of setup, the butterfly
needle is attached to an extension set and syringe that is
filled with the test compound. The tail may be taped to
the table, and the butterfly needle is then inserted into
the vein and placement is verified by aspiration on the
syringe. Once confirmed, the butterfly needle may also
be taped in place. This prevents the needle from pulling
out of the vein during dosing. This type of setup can be
very useful when administering large volumes of test
article as a slow bolus over several minutes or when
the test compound may be irritating or mildly caustic.

Taping the animal’s tail in place prevents the animal
from pulling the tail out of the fingers of the technician.

If repeated dosing is to be performed, the initial veni-
punctures should be performed as close to the tip of the
tail as possible. During the injection, if the needle comes
out of the vein, a bleb will form under the skin. The nee-
dle should be repositioned immediately to prevent infil-
tration of the solution around the vein. Infiltration of an
irritating solution can cause necrosis and make future
injections difficult or impossible. Injection of 2 mL/
100 g body weight can be accomplished without stress
to the rat. Barrow (1968) found that injections of volumes
over this amount produced respiratory difficulty and
pulmonary edema.

Tail Vein Infusions

Tail vein infusions are convenient because catheter
placement can be accomplished without anesthesia.
A 23-gauge or smaller needle connected to an extension
set is inserted into the tail. The needle and extension set
is then secured to the tail with tape. The extension set is
attached to a syringe that is placed on a pump and the
test compound can be infused. The tail may be taped
to a wooden stick or tongue depressor to further protect
the needle from being dislodged. Over the needle, cath-
eters are also commercially available and offer the
advantage that the needle is removed once the catheter
is placed in the vein and may help to prevent further
penetration of the vein wall and subsequent perivascu-
lar dosing (Rhodes and Patterson, 1979). Advantages
that this technique has over permanent indwelling cath-
eters are that the catheter is removed following dosing
and will not become occluded and the animal doses
not have to undergo anesthesia and a surgical procedure
to place the catheter. Permanent catheters have a ten-
dency over time to develop a fibrin flap or become clot-
ted, thus losing patency. A major disadvantage is that
the animals have to be restrained during the infusion,
which may causes stress and alter the results of the
study. When using this technique, the duration of the
infusion should be limited so that the length of time
the animal is restrained is limited.

An alternative technique using the lateral tail vein in-
volves placing a catheter in the vein and wrapping the
tail in a similar manner as previously described, then a
lightweight protective cover attached to a tether system
is placed around the tail to hold the catheter or needle in
place.

Jugular Vein

Although this route has been used for bolus injec-
tions, it is most widely used as a site for cannulation
from indwelling catheters. The indwelling catheter re-
quires surgical implantation under anesthesia.
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Bolus Injection

Although injections can be made by exposing the ju-
gular vein by incision, this method is not acceptable
for repeated dosing. The jugular vein can be accessed
for test compound administration without exposing
the vein. The animal can either be anesthetized or
restrained on the back. The head is positioned to either
the left or the right for access to the respective jugular
vein. A 23-gauge needle fitted to a syringe with the bevel
up is inserted in a cephalocaudal direction into the angle
made by the neck and shoulder. The needle should enter
the vein anterior to the point at which it passes between
the pectoralis muscle and the clavicle. When about one-
half the length of the needle has penetrated the skin, the
bevel should be in the lumen of the vessel. Insertion of
the needle through the muscle stabilizes the needle
and minimizes bleeding. Caution should be used
when using this technique as it is considered to be a
“blind stick” into the vessel, and damage to the vessel
may occur. Repeated access of the vessel is not
recommended.

Infusion

For the purpose of continuous infusion of the test
compound over extended periods of time or for
repeated short-term infusions, implanted catheters in
the jugular vein may be used. For implantation of a jugu-
lar catheter, the animal is first anesthetized and placed in
dorsal recumbency, and the surgical site is prepared. A
midline incision is then made in the neck, and a section
of the jugular vein is dissected free. Manipulation of the
vein should be limited to prevent vasospasm. A cephalic
ligature is then tied and the vein elevated. A small inci-
sion is then made in the vein, and the catheter is passed
into the vein and tied in place. The other end of the cath-
eter is then tunneled subcutaneously (sc) to between the
scapula where the catheter is exteriorized. The catheter
should be filled with an anticoagulant solution such as
heparin when not in use. When correctly positioned,
the tip of the cannula will be at the junction of both
vena cava. If placing catheters into young animals,
enough of the catheter should be inserted to allow for
growth of the animal. Care should be taken that the cath-
eter is not inserted too far as the tip may be pushed into
the right ventricle of the heart. Improper placement of
the catheter may lead to administration of the test com-
pound directly into the heart, which can cause
complications.

Similar to the jugular vein, administration of test
article via the femoral vein requires an implanted cath-
eter. For implantation of a femoral catheter, the animal
is first anesthetized and placed in dorsal recumbency,
and the surgical site is prepared. A midline incision is
then made in the inguinal area and a section of the

femoral vein is dissected free. Manipulation of the vein
should be limited to prevent vasospasm. A ligature is
then tied and the vein elevated. A small incision is
then made in the vein and the catheter is passed into
the vein and tied in place. The other end of the catheter
is then tunneled sc to between the scapula where the
catheter is exteriorized. The catheter should be filled
with an anticoagulant solution such as heparin when
not in use. When correctly positioned, the tip of the can-
nula will be position in the vena cava. For longer-term
infusions, the femoral vein catheter may be preferable
as patency is easier to maintain and the risk of damage
to the heart from the catheter is avoided.

Several commercial vendors offer surgical support
services and for an additional fee will implant either ju-
gular or femoral catheters. These vendors will typically
have a specific methodology for implant, but will accept
requests for modifications such as catheter type, exteri-
orization site, etc. The typical catheter implanted may
be manufactured from polyethylene, polypropylene, or
silastic. In recent years, manufacturers have developed
catheters impregnated or ionically bound with heparin.
These materials may help to prolong the life of the
catheter.

The useful lifetime for jugular and femoral catheters
is quite variable; the lumen of the cannula may eventu-
ally become obstructed by a blood clot or fibrous mass.
The position of the tip of the catheter is important.
Clot formation is less likely to occur if the tip of the
catheter is placed in the venous stream rather than in
the jugular vein (Popovic and Popovic, 1960). It is rec-
ommended for repeated short-term infusions, and
when test article is not being infused, a slow infusion
of saline will help to prolong the life of the catheter.

Prior to use, the patency of the catheter should be
checked by removing the anticoagulant lock, check for
blood draw back, and then flushing with saline or
Lactated Ringers solution. Alternatively, patency can
be checked by injecting 3e6 mg of pentobarbital solu-
tion (0.05e0.10 mL of a 60 mg/mL solution) into the
catheter (Weeks, 1972). If the catheter is patent, the rat
will lose its righting reflex and become ataxic within
10e15 s of injection. The rat will recover in 10e15 min.

Rats will destroy the catheter if it is left unprotected
or in easy reach of the forepaws. By exteriorizing the
catheter between the scapula, the rat will not be able to
chew on the catheter. For the purpose of continuous
infusion, several manufacturers have developed tether
systems and catheter sheaths made of metal that prevent
the animal from chewing on the catheter. These systems
typically consist of a jacket with an attached tether
through which the catheter is passed. The catheter
then attaches to a swivel that prevents the catheter
from becoming kinked. The swivel then attaches to a
second catheter that can be attached to a syringe or
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pump for administration of the test compound (Guo and
Zhou, 2003). When performing long-term infusion
studies, the effects of the catheter and harness should
be considered. Infections, septicemia, a variety of
visceral lesions, endothelial lesions, and increased
platelet consumption have been observed in cannulated
animals (Hysell and Abrams, 1967; Meuleman et al.,
1980; Vilageliu et al., 1981). Decreased or erratic weight
gains and decreased liver and thymus weights have
been observed in tethered animals. These changes may
be attributed to the stress involved in chronic tethering
of the animals.

An alternative to an exteriorized catheter is to attach a
sc port to the catheter that can be accessed via a transcu-
taneous needle stick. This type of setup helps to prevent
infections that can occur with transcutaneous catheters.
One of the pitfalls of this sc port is that the port may only
be accessed a finite number of time. In addition, care has
to be taken to ensure the port and catheter are properly
flushed of all test compound and blood as clots can
easily form. Administration of small volumes of test
compound may be accomplished using a sc implanted
osmotic pump. This type of pump is connected to the
catheter after being filled with the test compound and
implanted in a sc pocket. This allows for continuous
administration of small amounts of compound without
the need for a jacket and tether system.

Saphenous, Lateral Marginal, and Metatarsal
Veins

These veins in the leg and foot are easily visualized
and can be injected without anesthesia; however, assis-
tance is required. Shaving the area over the saphenous
or lateral marginal vein makes visualization easier. Dur-
ing injection it is necessary for one technician to restrain
the animal and occlude the vessel to cause it to dilate.
Wiping the skin over the vein with 70% alcohol or
with gauze soaked in hot water will help to dilate the
vessel and increase the possibility of success. The second
technician then performs the injection, in which a
26e27-gauge needle should be used.

Dorsal Penis Vein

When administering test article via the dorsal penis
vein, it is preferable to use anesthesia. Lightly anesthe-
tizing the animals with an inhaled anesthetic such as iso-
flurane or CO2/O2 will prevent the animal from
struggling and increase the possibility of a successful in-
jection. This procedure requires two technicians to
perform the injection. One technician holds the animal
by the skin on the back and the feet and tail. The verte-
bral column is then hyperextended. The second techni-
cian then grasps the tip of the penis between the
thumb and forefinger, and injects the test solution into
the dorsal vein using a 26e30-gauge needle.

Sublingual Vein

Although the method of sublingual vein injection has
the disadvantage of requiring anesthesia, it only re-
quires one technician. Ideally, the animal should be
anesthetized with an inhaled anesthetic such as isoflur-
ane or CO2/O2, but injectable anesthesia may also be
used. The animal should be placed in dorsal recum-
bency with the head toward the operator. The test com-
pound may be administered by holding the tongue
between the thumb and forefinger; using a 26e30-
gauge needle, the vein is entered at a very shallow angle
and the injection is performed. After completion of the
injection, the bleeding can be stopped using direct pres-
sure. Once the bleeding has stopped, a small cotton-
wool pledget should be placed over the vein and the
tongue placed back in the mouth. The animal will spit
the cotton out on regaining consciousness.

Intraperitoneal Route

Test compounds injected into the peritoneal cavity
will be absorbed into the portal circulation and trans-
ported to the liver. As a result, the compound will be
subjected to the metabolic activity of the liver prior to be-
ing circulated to the remainder of the animal. Based on
the level of blood flow and circulatory surface area in
the peritoneal cavity, compounds injected intraperitone-
ally (ip) will be absorbed quickly.

Intraperitoneal administration of test compounds in
the rat can be performed by one person. The animal
should be picked up by the scruff of the neck and back
and held firmly in dorsal recumbency. This position
will allow for proper access to the peritoneal cavity.
The belly of the animal should be visually divided into
quadrants and a needle (<21 gauge) should be inserted
anteriorly into one of the lower quadrants just lateral to
the midline. Aspiration of the syringe prior to injection
will help the investigator to determine if the needle is
positioned appropriately.

Intramuscular Route

Intramuscular (im) injection of compounds will result
in the rapid absorption into general circulation due to
the abundant supply of blood vessels. However, the
speed of absorption will not be as fast as with an ip in-
jection. Acceptable sites in the rat are the quadriceps,
the thigh, and the triceps. This procedure can be done
with one or two technicians. The selected muscle mass
should be stabilized with the thumb and forefinger of
one hand while restraining the animal and guiding the
needle into the muscle with the other hand. A 21-
gauge or smaller needle should be used. The needle
should be lightly aspirated to ensure the tip of the needle

I. TOXICITY TESTING MODELS AND BIOMARKERS

ROUTES OF TEST ARTICLE ADMINISTRATION 21



is not in a blood vessel and then the compound is slowly
injected. A slow injection with a minimal volume will
help to minimize pain. Approximately 1 mL/kg of solu-
tion can be injected per site. If larger volumes are
required, multiple injection sites should be used.

Subcutaneous Route

Absorption following sc injection is typically slower
than following im injection. This may be advantageous
if a relatively sustained period of absorption is desired.
Another advantage of the sc route versus the im route
is that a much large volume of test compound can be
administered. Five to ten milliliter can be easily injected
with little to no discomfort to the animals. This can be
beneficial for test compounds that have limited solubil-
ity. Suitable sites for injection are the ventral body, the
flank, and shoulders. To perform the injection, the skin
is grasped between the thumb and forefinger and raised
to make a tent. The needle (<20 gauge) is inserted
through the skin to make the injection. Injection sites
can be varied for multiple-dose studies where the solu-
tion is a potential irritant.

To minimize the stress of manipulation and to pro-
vide a means for continuous infusion, a perforated can-
nula or catheter can be implanted transcutaneously. The
cannula can then be secured using a tether system
similar to that used for iv infusions. Using this system,
the test compound can be infused continuously. Mucha
(1980) injected sodium pentobarbital directly into the
cannula and showed it was absorbed much more
rapidly than following injection. An alternate method
of infusion of small volumes over an extended period
of time is through the use of an osmotic minipump.
The pump is filled with the test compound and
implanted sc under anesthesia. These pumps are
commercially available and offer the advantage of a
continuous infusion at a constant rate without the ani-
mals being encumbered with the infusion apparatus.
This method would work only when the solutions are
stable at body temperature for the duration of the infu-
sion period. In recent years several types of absorbable
microspheres have been developed that can act as car-
riers for the test compound.

Topical Route

The rat has not traditionally been used as a model in
skin irritation or sensitization studies. However, the rat
has been used in systemic toxicity studies where the
skin is used as a portal of entry for whole body exposure
or in skin painting studies where the carcinogenic poten-
tial is being assessed. In a comparison of absolute ab-
sorption rates of several compounds, Bartek et al.

(1972) found dermal absorption rates in the rat tended
to be slightly lower than in the rabbit, and higher than
in the monkey, swine, and human.

Exposure in dermal studies is usually to the anterior
dorsal portion of the back. The skin should be shaved
weekly or 24 h prior to skin painting. Care should be
taken to ensure that the skin is not damaged during
shaving, as this can increase the rate of absorption of
the test compound. The test area for application should
be clearly marked; for repeat dose studies, the area of
this site is often 10% of the body area. Usually
0.25e1.0 mL of the test solution is applied in skin paint-
ing studies. The amount of a cream or ointment applied
will vary with the test compound and desired total dose
administered. Dosing is typically performed every day.

The actual dose in a dermal toxicity study is deter-
mined by the amount of compound absorbed, therefore
factors that influence absorption should be considered.
Several design features in a topical study may affect ab-
sorption; abraded skin will tend to absorb faster than
intact skin; test compound may adhere to or build up
at the site of exposure and may impede absorption
(and test compound may be chemically changed owing
to exposure to air or light); the test compound may be
licked or scratched from the site; and the test compound
may be ingested by the animal.

Several techniques have been developed to avoid
removal or ingestion of the test compound. For acute
studies, Rice and Ketterer (1977) described a cable-type
restrainer attached to a stainless steel plate. Loops just
behind the front and just in front of the hind legs hold
the animal immobile. Other methods may be used to
reduce stress to the animals and allow the animal
mobility. One method is the use of an “Elizabethan” col-
lar. This is a 4e5-cm wide strip of plastic or metal that
fits around the neck of the animal. This prevents the an-
imal from being able to turn its head to gain access to its
back. Consideration should be given to the use of this
method as the collar also may prevent the animal from
being able to properly eat from a feed jar. A second
method is to wrap the animal with gauze and then
with plastic wrap. Care should be taken when wrapping
the animal to ensure that the wrap is not too tight. This
type of covered exposure may affect the absorption of
the test compound. Other types of harness, collars, and
acrylic chambers may be used, and the appropriate tech-
nique should be chosen based on the intended length of
exposure and the efficacy with which the technique can
be performed by the technicians.

Rectal Route

The rectal route is not a routinely used method of
administration in toxicology. However, administration
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by this route is sometimes required to support drugs
given rectally by suppository. For dosing, the animal is
held by the base of the tail and a stainless steel, and
ball-tipped gavage needle (5 cm) or vinyl tube (6 cm)
attached to a syringe is inserted into the rectum. Care
must be taken not to damage the rectum when inserting
the needle. The syringe should be held lightly: the
weight of the needle and syringe propel the needle.
The animal can either be awake or anesthetized. If ani-
mals are awake, excretion of the unabsorbed test com-
pound may occur. Methods to control excretion have
included ligation of the rectum (Nishihata et al., 1984)
or various types of septums that are tied or glued in
place (DeBoer et al., 1980; Iwamoto and Watanabe,
1985). Anesthetized animals can be placed on an in-
clined board to retard expulsion.

An important factor in rectally dosing the rat is that
the depth of deposition of the test compound will affect
the rate of absorption and should be standardized.
Drugs subject to extensive first-pass metabolism, such
as propranolol and lidocaine, have been found to be
much more bioavailable when injected close to the
anus rather than in the upper areas of the rectum
(DeBoer et al., 1980; Iwamoto and Watanabe, 1985).
The reason for this difference in bioavailability appears
to be that the venous return in the upper rectal area is
through the upper rectal vein that feeds back into the
portal circulation and then into the liver. The venous re-
turn in the lower rectum is through the lower hemor-
rhoidal veins and is not connected to the portal
system, but goes directly to the inferior vena cava
(Iwamoto and Watanabe, 1985).

Intranasal Route

With the increasing number of drugs being delivered
nasally, methods have been developed to support this
route. For administration in unanesthetized animals,
the appropriate volume of test material is drawn into
the tip of a pipette or other appropriate dosing imple-
ment. The tip of the dosing implement is placed directly
over but not into the nostril to be dosed, and the test ma-
terial is instilled into the nostril. The animal will aspirate
the test material into the nasal passage. This can be
repeated for the opposite nostril, or the opposite nostril
can be used as a control treatment. In the event that the
animal sneezes or the test compound is otherwise
expelled, the nostril should be retreated.

Inhalation Route

Owing to the complexities and equipment involved
in generating, maintaining, and measuring appropriate
atmospheres, the inhalation study is one of the most

technically difficult to perform. This section is not writ-
ten to provide a complete discussion of the skills neces-
sary to perform an inhalation study, but will deal with
the general considerations about the three major steps
in exposing rats by the inhalation route: generation of
the test atmosphere, exposure of the test animals, and
measurement and characterization of the test
atmosphere.

Intratracheal Administration

An alternative to inhalation administration is to instill
the test compound into the trachea of the animal. Tech-
niques have been developed to instill the test compound
into the trachea safely and repeatedly. To perform the
procedure, the animal must first be anesthetized, prefer-
ably with a gas anesthesia such as isoflurane. Once anes-
thetized, a speculum is inserted into the mouth and
passed into the trachea. A syringe and needle with a
5-cm piece of tubing is used to instill the test compound.
The tubing is then passed over the speculum and the test
compound is administered. Volumes should be limited
to 2 mL or less of test compound.

REGIMEN

There are a number of factors that can bemanipulated
to maximize both administered and absorbed levels of a
drug, as well as increasing both tolerance and target tis-
sue specificity. Most of these are beyond the scope of this
volume (Gad and Spainhour, 2017), but regimens (how
often and at what intervals a test article is administered)
are fundamental tools of the experimental animal
researcher. Once, twice (bid), or three (tid) times a day
are readily available approaches. Likewise, for paren-
teral routes, an administration can be done quickly
(bolus) or over a period of time (infusion).

END POINT MEASUREMENT
TECHNIQUES

Observations and Physical Examinations

Rats are routinely monitored during toxicology
studies as an assessment of their general health and to
define the effects of the test article. In acute and sub-
chronic studies, animals may be observed frequently
in an effort to define short-term pharmacologic changes
induced by the test compound, which may become
apparent at peak blood levels. Specifically, in acute toxi-
cology studies clinical observations will help to establish
a MTD. In chronic studies, these observations are critical
in tracking tumor development and for determining
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animals in extremis, which should be euthanized for hu-
mane reasons and to prevent autolysis and tissue loss.
Arnold et al. (1977) provide a useful description of a
clinical assessment program for chronic studies.

Daily observations are performed first thing in the
morning and last thing before leaving in the afternoon
to assess the health of the animals and identify animals
that may be in extremis. In this observation, behavioral
status, respiratory signs, skin, eyes, and excretory prod-
ucts are noted. Care should be taken to disturb the ani-
mal as little as possible, as this may induce stress and
affect the animal’s behavior. The animal should be
picked up and examined more closely if abnormalities
are detected. Special attention should be paid to the
amount of feces present, because a decrease in fecal
output may be the first signs of a watering system mal-
function. In acute studies or where pharmacological ef-
fects are expected, animals may be examined
continuously or at peak plasma levels.

A more thorough physical examination should be
done weekly. Each animal is taken from its cage and
placed on an examination table where respiration,
behavior, general appearance, and locomotion are
observed. The technician should then pick up the ani-
mal, examine its body orifices, skin, and coat, and
perform a palpation of the trunk and limbs to check
for tumors. The detection and tracking of the size and
fate of masses (potential tumors) is essential for carcino-
genicity studies.

Animals that have experienced severe weight loss
over the previous week, a progressive decline in weight
over several weeks, or other severe clinical signs should
be observed more frequently and marked for possible
euthanasia. Body and feeder weights can be measured
as part of the physical examination or as a separate func-
tion. Performance of these operations as a part of phys-
ical examinations will minimize animal handling and
potential stress. If the operations are combined, it is
important that the physical examinations be done
completely and not rushed.

Neurobehavioral Examination

Neurobehavioral examinations are included in toxi-
cology studies to assess the behavioral and neurological
effects of test compounds. These examinations, which
may be done as part of acute or repeat dose toxicity
studies or studies specifically designed to assess only
neurobehavioral effects, typically involve screens con-
sisting of an abbreviated functional observational bat-
tery and some measure of locomotor activity (Annau,
1986). The EPA has written guidelines on the design
and conduct of these studies (OECD, 1997, 2008). To
meet EPA guidelines, the screen is performed prior to

the start of treatment, then periodically during the
course of treatment. It may be performed as a separate
study, on satellite groups of animals in conjunction
with the main study, or on animals in the main portion
of the toxicology study. The ICH in 2002 adapted guide-
lines requiring neurobehavioral assessment of all new
pharmaceuticals prior to initiation of Phase I clinical tri-
als. To meet ICH guidelines, a more formal functional
observational battery should be conducted and may be
conducted on main study animals or may be conducted
as a separate study. Where initial screens indicate the
possibility of a test compounderelated change, a more
specialized series of tests may be performed to assess
the nature of the effect and the extent of the central ner-
vous system involvement. These secondary tests eval-
uate motor and sensory function as well as cognitive
ability. Examples of secondary tests include sensory-
evoked potential experiments and schedule-controlled
behavior studies. Descriptions of these secondary tests
can be found in Annau (1986).

Functional Observational Battery

The typical observational battery (FOB) includes
observation of home-cage and open-field activity as
well as measurements of reflexive, physiological, and
neuromuscular function (Gad, 1982; Moser et al., 1988;
Moser and Ross, 1996) as outlined in Table 2.15. Obser-
vations and measurements that have become standard
for an FOB evaluation are in Table 2.16. The order of
measurement should be consistent, progressing from
the least interactive to the most interactive measure-
ments. Home-cage observations are made first. Assess-
ments of posture, clonic movements, tonic movements,
and palpebral closure (if the animal’s eyes can be seen)
are taken prior to removing the animal from its cage.
However, it may be necessary to pull the cage from the
cage bank or remove the cage cover to see the animal’s
eyes. The animals are then transferred to the open field.
During the transfer, certain physical observations are
made. The technician removes the animal from the
cage. The technician holds the animal and notes
increased or decreased body tone as well as such obser-
vations as bite marks, soiled fur appearance, missing toe
nails, emaciation (shallow stomach, prominent spinal
vertebrae), or death. In addition, observations of lacri-
mation, palpebral closure, piloerection, exophthalmus,
and salivation are also made. The animal is then placed
in the open-field apparatus for a set period of time. Mea-
surements of rearing, urination, and defecation are
made immediately at the end of the assessment period.
Assessment of clonic movements, tonic movements,
gait, mobility score, arousal, respiration, stereotypic
behavior, and bizarre behavior may be made
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immediately after the time period has ended or the tech-
nician may continue to observe the animal for a longer
period to allow for more accurate assessment. When
the open-field assessment has been completed, the ani-
mal is removed from the open-field apparatus for the
approach response, touch response, click response, tail
pinch response, pupil response, righting reflex, thermal
response, hind limb splay, and grip strength measure-
ments. After completion of the manipulative assess-
ments, the physiological evaluations are completed.

Procedures used during the performance of an FOB
must be standardized because some observations
made have a subjective component. If at all possible, a
single observer should be used throughout a single
study. If not possible, a single observer should conduct
all assessments of an animal. In addition, technicians

should be blinded to the treatment conditions for each
animal.

Locomotor Activity

Methods used for recording motor activity include
direct observation and automated techniques such as
photocell devices and mechanical measurements
(MacPhail et al., 1989). In direct observations, the
observer can make quantitative measurements of the
frequency, duration, or sequencing of various motor
components of behavior or qualitative records on the
presence or absence of certain components of activity.
Photocell devices record the number of times an animal
interrupts a beam in specially designed chambers. In
mechanical chambers, the animal’s movements result
in a vertical or horizontal displacement of the chamber;
records are kept of the chamber’s movements. There are
advantages and disadvantages of each technique. In
direct observation, record can be made of behavior,
such as convulsions, which may not be observed when
using the photocell or mechanical methods. A disadvan-
tage of the direct observation method is that the animal
may be influenced by the presence of the observer. Ad-
vantages to the photocell and mechanical methods are
that the data are captured electronically, the observer
does not have to be present, and the computer system
can graphically present the data in the form of lines
crossed or a map of the activity.

To make activity determinations, an animal or group
of animals is put into an observation or recording cham-
ber and activity is recorded for a specific period of time.
Because activity will normally decline over the course of
the session, the length of the observation period is impor-
tant. The EPA guideline specifies that activity should
approach asymptotic levels by the last 20% of the session.
Haggerty (1989) used a 15-min recording session, accu-
mulating data over three 5-min intervals. Because a large
number of environmental conditions can affect motor ac-
tivity, e.g., sound level, cage design, lighting, tempera-
ture, and humidity, or odors, it is important to
minimize variations in the test environment.

Cardiovascular Parameters

Examinations of the cardiovascular system may be
scheduled into toxicology studies or performed when
the cardiovascular system is a suspected target of the
test compound. The ICH has adapted guidelines
requiring cardiovascular safety assessment of all new
pharmaceuticals prior to initiation of Phase I clinical tri-
als. This guideline recommends that this assessment be
conducted in a nonrodent species, but cardiovascular
assessment can be performed for screening purposes
or as additional support data.

TABLE 2.15 Functional Observational Battery in Rats

Number of Animals

Males Females

Control 10 10

Low dose 10 10

Mid dose 10 10

High dose 10 10

Dosing: The test article will be administered by the required route.

Functional Observational Battery: FOB evaluations will be conducted prior to

dosing, at the estimated time of peak effect, and 24 h postdose. The evaluations are

as follows:

Home Cage Observations:

Assessments of posture, clonic movements, tonic movements, and palpebral closure

(if the animal’s eyes can be seen) are taken prior to removing the animal from its

cage.

Handling Observations:

Observations of ease of removal, handling reactivity, lacrimation, palpebral closure,

piloerection, and salivation are made on removal of the animal from the home cage.

Open Field Observations:

The animal is placed in the center of an open-field testing box (measuring

2000 � 2000 � 800). Clean absorbent paper may be used to cover the bottom of the

box if required by protocol. Using a stopwatch, the animal’s stay in the box is timed

for 3 min. Measurements of rearing, urination, and defecation are made

immediately at the end of the 3 min. Assessment of clonic movements, tonic

movements, gait, mobility score, arousal, vocalization, respiration, stereotypic

behavior, and bizarre behavior may be made immediately after the 3 min have ended

or the technician may continue to observe the animal for a longer period of time to

allow for more accurate assessment.

Sensorimotor Observations:

The approach response, touch response, click response, and tail-pinch response

(stimulus reactivity tests) are performed while the animal is in the open-field

apparatus, after the 3 min time period is over and all other measurements have been

recorded. The animal is removed from the open field apparatus for the pupil

response, righting reflex, thermal response, hind limb splay, and grip strength

measurements.

Physiological Evaluations:

The animal’s body weight and rectal temperature is measured and recorded.

Clinical Examination: Following each FOB assessment (additional observations

will be conducted prior to dosing for locomotor activity, if requested).
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Electrocardiography

Although the dog has traditionally been the species of
choice in toxicology studies of effects of ECG (also called
EKG), research with the rat has progressed and
increased over the years. Detweiler (1981) and Detweiler
et al. (1981) provide an excellent review of the use of
electrocardiography in toxicology studies in the rat.
This section will present a general discussion on the as-
pects of the recording methods and interpretation of the
ECG in the rat.

Recording Methods

Restraint

One of the disadvantages of traditional methods of
studying ECGs in rats is that it is difficult to keep the
animals still while recording. It is important that the an-
imal remain in a constant position during the procedure
using skin leads to avoid muscular artifact in the ECG.
Various forms of restraint have been tested, each of
which requires acclimation to the procedure prior to
evaluation. These methods included restraining the rat
in a supine position using rubber gloves (Hundley
et al., 1945), pinning the animal to a board, boards

with clamps, and plastic tubes with slits on either side,
which allow for placement of the electrodes (Zbinden
et al., 1980; Spear, 1982). Various forms of anesthesia
have also been evaluated.

No conclusion has been reached about the best
method of restraint. The basic concerns are that manual
methods and physical restraint require acclimation to
allow the animal to become accustomed to the proced-
ure, and tracings can be reasonably free of muscular arti-
fact. Also, varying pressures of clamps or handling
during the restraint may affect the results. The use of
anesthesia has been shown to produce changes in the
ECG and the possibility of drug interactions between
the anesthetic and the test compound may occur.

Position

The most common positions are the prone or ventral
recumbency position when animals are awake and the
supine or dorsal recumbency position when anesthe-
tized. Beinfield and Lehr (1956) compared the positions
and concluded that the prone position produced an
increased R wave and it avoided unfavorable cardiac
rotation and an undesirable variation in the projection
of the special QRS loop.

TABLE 2.16 Functional Observation Battery

Home Cage Open Field Manipulative Physiological and Neuromuscular

Posture Rearing Ease of Removal From Cage Body Weight

Clonic Movements Urination Handling Reactivity Body Temperature

Tonic Movements Defecation Lacrimation Hind limb extensor strength

Palpebral Closure Clonic Movements Palpebral Closure Grip Strength

Tonic Movements Piloerection Hind limb Splay

Gait Exophthalmus

Mobility Salivation

Ataxia Approach Response

Arousal Touch Response

Vocalizations Click Response

Respiration Tail Pinch Response

Stereotypical Pupil Response

Bizarre Behavior Eye blink response

Forelimb extension

Hind limb extension

Righting reflex

Thermal Response

From Gad, S.C., 1982. A neuromuscular screen for use in industrial toxicology. J. Toxicol. Environ. Health 9, 691e704; Moser, V.C., McCormick, J.P., Creason, J.P., et al., 1988.

Comparison of chlordimeform and carbaryl using a functional observational battery. Fundam. Appl. Toxicol. 11, 189e206; Haggerty, G.C., 1989. Development of tier I neuro-

behavioral testing capabilities for incorporation into pivotal rodent safety assessment studies. J. Am. Coll. Toxicol. 8, 53e69.
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Tethered

Robineau (1988) developed an electrode system that
can be implanted sc a few days prior to recording. The
device has a disconnect that is exteriorized between
the scapula. The advantage of this system is that a cable
can be connected to the plug and the ECG can be taken
in unrestrained rats. The disadvantage of this method is
that it should only be used for short-term studies as the
implant provides a source for infection in the animal.

Leads

Most investigators use Einthoven’s bipolar limb lead
system, lead I (right and left foreleg), lead II (right fore-
leg and left hind leg), and lead III (left foreleg and left
hind leg), with and without the augmented unipolar
limb leads aVR (right foreleg), aVL (left foreleg), and
aVF (one of the hind legs). Because foreleg position
can alter the scalar ECG wave amplitudes, investigators
must standardize foreleg positions during recording.
When implanting telemetry leads, the leads are placed
on the right clavical and the most caudal rib on the left
side in a modified lead II configuration.

In the past, various types of leads have been used to
connect the ECG wires. These included the use of hypo-
dermic needles inserted under the skin, small gauge
insulated copper wires wrapped around the shaved
distal portion of the limbs, or alligator clips. In addition,
platinum-tipped pin electrodes are commercially avail-
able, which provide a good quality signal with limited
discomfort to the animal.

Telemetry

For the last 10 years, techniques have been developed
for monitoring cardiovascular parameters via telemetry
in the rat (Kuwahara et al., 1994; Kramer et al., 1995;
Ichimaru and Kuwaki, 1998); they have been developed,
improved, and used increasingly. Totally implantable
battery-operated systems that can monitor several phys-
iological parameters including ECG have been devel-
oped. The implants are available with ECG leads that
can be positioned in the Lead II configuration for moni-
toring ECG continuously for extended periods of time in
a freely moving animal. As the leads are attached sc to
the musculature, the signal is of a higher quality than
skin leads. Also, the animal is not affected by the
observer, as the animal can be monitored remotely.
One of the disadvantages is that these implants are
only designed to monitor a single lead.

ECG Waveform

The major points to notice about the rat ECG are that
the conventional waves of the mammalian ECG (P, QRS,
and T) are all identifiable in the rat ECG, there is no iso-
electric line during the electrocardiographic complex,

and there is no STsegment. The duration of the standard
intervals evaluated in the ECG of the rat are as follows:
P, 10e20; PR Interval 35e50; QRS complex 12e25, and
QT interval 38e80 ms (Detweiler, 1981). The duration
of the intervals is related to the heart rate; as the heart
rate increases, the intervals shorten and as the heart
rate slows, the intervals prolong. These intervals can
also be affected by administration of test compounds
and are the basis for the requirement to assess the effects
of a test compound on cardiac function. Specifically, pro-
longation of the QT interval has been correlated with a
phenomenon call Torsade de Pointe or sudden cardiac
death. Several classes of compounds, such as antihista-
mine and Ca2þ channel blockers have been shown to
prolong the QT interval (Gras and Llenas, 1999). Each
wave of the ECG represents either a depolarization or
repolarization of the atria and ventricles of the heart.
For example, the P wave is an electrical representation
of the depolarization of the right atria and the T wave
is an electrical representation of the repolarization of
the left ventricle. Spear (1982) provides a more in-
depth discussion of the waveforms and the electrophys-
iology of the heart. Several computerized systems that
are capable of recognizing the independent waveforms
and measuring the intervals have been developed.
Caution should be taken when using these systems as
they are typically programmed to recognize a normal
ECG, and the presence of arrhythmias may be missed
or interval may not be measured correctly.

Heart Rate

The heart rate can be calculated from standard limb
lead ECGs by measuring the distance between the two
peaks of the R wave. This distance is then divided by
the chart speed (i.e., 50 mm/s) to calculate the RR Inter-
val in seconds. This is then divided into 60 s to calculate
the heart rate in beats per minute. Using the formulas
below, the heart rate of an RR Interval of 10 mm is
measured on a chart printed at 50 mm/s ¼ 300 beats/
min.

RR Interval (mm/beat)/Chart Speed (mm/s) ¼ RR
interval (s/beat)

(60 s/min)/RR interval (s/beat) ¼ Heart Rate (Beats/
min)

Many environmental factors can affect the heart rate
of the rat, such as excessive manipulation, technicians
the animal is not familiar with, new environments, etc.
Therefore, when evaluating ECG using a restrained
method, it is important to acclimate the animal to the
test procedures prior to starting. Detweiler (1981), in a
review of the literature, found that published heart rates
for rats varied between 250 and 750 beats/min. Awake,
restrained adult rats had heart rates from 330 to
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600 beats/min and well-acclimated restrained adult an-
imals had heart rates from 250 to 350 beats/min. Heart
rate in unrestrained telemetrized animals has been re-
ported to be between 225 and 350 beats/min (Guiol
et al., 1992; Zbinden, 1981).

Blood Pressure

During the conduct of a toxicology study it may be
necessary to monitor blood pressure. This can be done
using either indirect or direct methods. Caution should
be taken when using indirect methods as the values ob-
tained may be variable. The direct method involves the
implantation of an arterial cannula for measurement of
blood pressure. This method is more reliable, but it
has a limited period during which the cannula may
remain patent. It is recommended that for definitive
assessment of the hemodynamic effects of a test com-
pound, a nonrodent species such as a dog or a
nonhuman primate be used.

Indirect Measurement

Indirect methods of blood pressure measurement
detect systolic blood pressures by the occlusion of arte-
rial inflow of blood and the subsequent detection of
the pressure at which the first arterial pulsation occurs.
The two places where indirect measurements can be
made on the rat are the tail and the hindpaw.

Tail Cuff Method

The tail cuff method monitors pressures in the ventral
caudal artery. In this method, the animal is put into a
restrainer that allows for free access to the tail. An inflat-
able cuff is then placed around the base of the tail and
the pressure is increased until flow stops. The pressure
is then slowly released until flow resumes. The cuff pres-
sure at the time when flow resumes is the systolic blood
pressure. Various methods have been used to determine
when this occurs.

Because the caudal pulse is rather weak, preheating
of the animals in boxes at temperatures of 30e42�C for
periods up to 10 min may be necessary to dilate the
caudal artery. This technique should be used with
caution, as previously discussed changes in body tem-
perature can have widespread effects on the animal
and may produce unexpected test compound effects.

The placement and width of the tail cuff is important.
There is a gradient in pressure along the caudal artery,
which amounts to 4.5 mmHg/cm. For this reason, the
cuff should be placed close to the base of the tail and
this should be standardized. If multiple reading will
be done over time, marking the placement of the cuff
with an indelible marker will help to standardize place-
ment. In addition, variation in the width of the rubber

tubing can be a source of error. Bunag (1973) found
that the most accurate readings were given by a
15-mm cuff; shorter cuffs gave falsely elevated readings
and longer cuffs gave low readings.

Hindpaw Method

Measurement of blood pressure in the hindpaw does
not measure the pressure in a specific vessel. In this
method, the animal is placed in a restrainer, as in the
tail cuff method. A pressure cuff is placed around the
ankle to occlude blood flow and blood pressure is
measured as the cuff pressure is released and blood
flow returns. As in the tail cuff method, several tech-
niques have been used to determine the return of blood
flow. These include visual observation (Griffith, 1934),
photoelectric cell (Kersten et al., 1947), and oximeter
(Korol and McShane, 1963). The advantage of the photo-
electric and oximeter methods is that they do not require
preheating to dilate the vessels of the hindpaw. The ox-
imeter method measures mean arterial pressure rather
than systolic pressure. None of the indirect measure-
ments are able to evaluate the complete hemodynamic
cycle. They evaluate only systolic or mean arterial pres-
sure, but not systolic, diastolic and mean arterial pres-
sure together.

Direct Measurement

The direct measurement techniques involve the can-
nulation of an artery with the blood pressure being
determined with a manometer or transducer connected
to the free end of the cannula. This is true for types of
direct measurement including telemetry. Surgery and
cannula placement utilize similar techniques as those
previously described for placement of a venous catheter.
In short, the artery is isolated and a small incision is
made in the femoral artery. The catheter is then inserted
into the hole and passed into the abdominal aorta. The
carotid artery may also be used for this procedure, but
care should be taken not to insert too far as the catheter
may be passed into the left ventricle of the heart. If this
occurs, the blood pressure waveform will change in
appearance. The left ventricular waveform has a similar
systolic pressure as an arterial blood pressure wave-
form. But the diastolic pressure is much different. If
the catheter has been placed in the left ventricle, the dia-
stolic pressure will be 0 mmHg or slightly negative. If
this occurs the catheter should be backed out into the
aortic arch.

Where chronic use is desired, cannulas are typically
run sc and exteriorized between the scapula or at the
back of the head. A carotid artery catheter can be ex-
pected to remain patent for 3e5 weeks (Ross, 1977;
Andrews et al., 1978), whereas an abdominal aorta
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catheter may remain patent for several months. Care
should be taken when using arterial catheters for long
periods as fibrin deposits can build up on the catheter
or clots may form in the catheters. The risk exists that
these deposits or clots could be expelled during the
flushing of the catheter or during normal movement of
the animal. These clots or deposit once free may occlude
other vessels downstream and in the case of a carotid
catheter may cause a stroke to occur.

Blood Collection Techniques

Blood samples are routinely collected in safety
studies to determine: (1) direct test compound effects
on the blood or bone marrow, (2) effects on other organs
as indicated by the contents of the blood, for instance,
leakage enzymes such as aspartate aminotransferase
(AST), and (3) blood levels of the test compound or its
metabolites. Avariety of techniques have been described
for the collection of blood from the rat. The choice of a
specific technique may depend on factors such as: (1)
the volume to be collected, (2) if the animal is to survive
the procedure, (3) the frequency with which samples
will need to be collected, (4) whether anesthetics can
be used, (5) likelihood of the animal surviving the pro-
cedure, and (6) the impact of organ damage resulting
from the procedure. An adult rat has a blood volume
of about 50 mL/kg; approximately 10% of the total
blood volume can be collected from the rat in a single
draw without adversely affecting hematology parame-
ters. For longer-term studies, 10 mL/kg per 2 weeks is
a reliable guideline for volume of blood drawn. If these
volumes are exceeded, hematocrit and red cell mass
may be reduced on evaluation (Diehl et al., 2001).

Technique, anesthetic used for blood draws, and
treatment of the animals (i.e., fasted or not fasted)
should be standardized throughout a study if repeated
samples are being taken. The technique, anesthetic,
and handling of the animal may produce effects on the
hematology or clinical chemistry parameters to be
evaluated.

Retro-Orbital Plexus

The retro-orbital plexus is a commonly used site for
periodic sampling during the course of a study. This
method has been shown to be a reliable method for the
repeated collection of blood samples. Collection from
this site should always be conducted under anesthesia
to reduce pain and stress to the animal. Light anesthesia
with a mixture of carbon dioxide and oxygen will mini-
mize struggling of the animal and will help to ensure a
quick collection with little injury to the animal.

Blood is collected using a microcapillary tube or the
fine end of a Pasteur pipet. The tube is inserted into

the orbit of the eye at an anterior angle formed by the
lids and the nictitating membrane. A slight thrust past
the eyeball will make the tube enter the slightly resistant
horny membrane of the sinus. The tube may be rotated
slightly as it is inserted. Once the sinus has been punc-
tured, blood will fill the tube. Once the tube is filled,
the blood may be allowed to drip out of the end of the
tube into an appropriate collection tube. If the flow
stops, the tube may be pulled out or advanced slightly
to reestablish flow.

In the hands of an experienced technician, there is
minimal risk to the animal. Studies have shown that
repeated collection of blood from the retro-orbital sinus
can produce histological and behavioral changes that
may require an animal to be removed from study
(McGee and Maronpot, 1979; van Heck, 1998). Several
serious side effects of this collection method have been
documented. These include retro-orbital hemorrhage,
corneal ulceration, keratitis, pannus formation, damage
to the optic nerve, and fracture of the orbital bones.
When designing the study, the method of blood collec-
tion should be taken into consideration. If an important
end point of the study is ophthalmological examina-
tions, this method should not be used. In addition, anes-
thetization of the animals may affect other study end
points.

Tail

A tail vein bleed offers a visible target and is of min-
imal risk to the animal. Blood will flow faster if the tail
has been warmed causing vasodilation. This may be
accomplished by dipping the tail in warm water
(40e45�C), placing the animal in a warming cabinet
for 5e10 min, or warming the tail with a heat lamp.
This method does not require that the animal to be anes-
thetized, but the animal should be restrained such that
the tail is held immobile. Several methods may be
employed to collect blood from the tail. These include
clipping the end of the tail off, vein puncture, or artery
puncture.

Tail Clip

For this method, the animal may be lightly anesthe-
tized or placed in a restraint tube. To collect blood,
2e3 mm of the distal part of the tail is amputated with
sharp scissors or a scalpel blade. Blood of 3e4 mL can
be collected in 20e30 s from a 200e250 g rat. When
collection has been completed, the cut surface may be
cauterized with a hot spatula or glass rod. This method
produces a reliable volume of blood, but it should not be
used for repeated sampling over extended periods of
time.
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Venipuncture

Animals should be restrained in a holder that allows
complete access to the tail. The tail should then be
cleaned and pressure may be applied to the base of the
tail causing the vein to dilate. The vein should be punc-
tured using a 21-gauge needle, and the blood can either
be slowly withdrawn into a syringe through the needle
or the needle may be removed and the tail allowed to
bleed freely. The use of a butterfly needle may help facil-
itate the collection of blood as it is less likely to be dis-
lodged if the tail moves. Collection of blood from the
tail vein typically yields samples of between 0.5 and
1.0 mL. On completion of sample collection the needle
should be withdrawn and pressure is applied to the
tail to stop the bleeding (Frank et al., 1991).

Arterial Puncture

This method is conducted in a similar manner to a
venipuncture in that the animal is placed in an appro-
priate restraint tube and the tail is cleaned. A 21-gauge
needle is then inserted into the artery in the midventral
surface of the tail close to the distal end. The blood is
then withdrawn into a syringe or allowed to flow freely
into a collection tube. The animal’s blood pressure will
ensure whether the blood continues to flow until pres-
sure is applied to the wound.

Cardiac Puncture

This method should always be performed under gen-
eral anesthesia and should not be used as a survival
collection technique. This technique offers a rapid
method for collection of a large volume of blood from
the rat. It is possible to collect between 5 and 7 mL
from a 300e350 g rat using this technique, and it is
possible to exsanguinate the animal using this method.

To collect blood using this method the animal should
be anesthetized with a combination of carbon dioxide
and oxygen or carbon dioxide alone. The animal is
then placed in dorsal recumbency and the heart is
located. The heart may be located by placing the index
finger over the fourth and fifth left ribs and the thumb
on the right side of the thorax. The collection needle
(25e26 gauge, 1e2-cm long) should be inserted at a
45-degree angle into the heart. Once the needle is intro-
duced, the syringe should be aspirated slightly to pro-
duce a vacuum. The needle is then advanced until
blood is obtained.

Abdominal Aorta and Vena Cava

Collection from the abdominal aorta offers a conve-
nient way to exsanguinate an animal and obtain a
maximal amount of blood (Popovic and Popovic,
1960). To perform the procedure, the animal is anesthe-
tized and the aorta exposed by dissection. A section of

the aorta distal to the diaphragm is then exposed and
the proximal end is clamped. The aorta is then cut
and the distal end placed in a collection tube and the
clamp is released. This method will allow for collection
of a maximal amount of blood in a short period of time.
This method should only be used as a terminal proced-
ure. Alternatively, the aorta may be accessed using a
needle or a butterfly needle and samples may then be
collected into a syringe.

Winsett et al. (1985) described a method of repeated
sampling from the vena cava of conscious rats. An assis-
tant holds that animal while the operator grasps the an-
imal just below the last rib. The needle is inserted 1 cm to
the right of the spinous process of the first lumbar
vertebra at a 45 degrees angle until the needle touches
the bone. The needle is slightly withdrawn and then
advanced at a slightly shallower angle to miss the
bone and access the vena cava. The maneuver of first
identifying the bone is essential to the procedure. This
procedure may be used for repeated collection, but
care should be taken to ensure the animal does not strug-
gle during the collection. If the animal struggles, the nee-
dle may lacerate the vena cava causing the death of the
animal.

Jugular Vein

The jugular vein provides a means for chronic blood
sampling that is of low risk to the animals’ health. This
method does not require the use of anesthesia and can
be accomplished through the proper restraint and posi-
tioning of the animal.

The unanesthetized method requires two technicians
to perform the collection. The animal is placed on a re-
straint board in dorsal recumbency. The forelimbs are
tied down to the board and one technician holds the
hind limbs of the animal. The second technician grasps
the animals head and turns it down and away from
the desired collection site, right or left jugular. The nee-
dle (21 gauge) is then inserted into the middle of the tri-
angle formed by the neck, shoulder, and clavicle,
parallel to the body. As the needle is inserted, the sy-
ringe is aspirated until blood is observed in the syringe.
The collection is then completed and the site is held off
for approximately 30 s. It is important that the technician
holding the hind limbs of the animal continually observe
the respiratory rate of the animal. If the head is turned
too far or is held in the wrong position for too long,
the animal may go into respiratory distress. This method
may be used for repeated collections with a high level of
success.

Alternatively, the animal may be anesthetized and the
jugular vein may be surgically exposed. The animal
should be prepared using standard aseptic technique
and the ventral neck should be shaved. The jugular
vein may be exposed by incision of the skin and
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dissection of the sc tissues. A needle (20 gauge) may
then be inserted into the vein through the pectoral mus-
cle, directing the needle toward the head. Inserting the
needle through the muscle will help to stabilize the nee-
dle during the collection. Once the needle is in place, the
blood should flow freely with little to no aspiration. Care
should be taken when aspirating the syringe as too
much pressure will cause the vein to collapse. Once
the collection is complete, the incision can be closed
with a wound clip. This method may be used as an alter-
native if the animal does not require serial bleeds or as a
method to replace a terminal bleed. If the procedure is
used for a terminal bleed, strict aseptic technique is
not necessary.

Proximal Saphenous and Metatarsal Vein

A small amount of blood (0.1e0.2 mL) can be
collected from an animal at minimal risk to their health
utilizing the proximal saphenous and metatarsal veins.
No anesthesia is required.

Proximal Saphenous Vein

The inner aspect of the thigh of the hind limb should
be shaved free of hair. While one technician holds the an-
imal and compresses the inguinal area to dilate the vein,
a second technician creates a longitudinal nick in the
vein with a 20-gauge needle or a hematocrit lancet.
The blood can then be collected into heparinized capil-
lary tubes. This method works well for repeated sam-
pling of small amounts of blood but would not be
appropriate for blood volumes required for evaluation
of clinical pathology parameters.

Metatarsal Vein

This procedure can be conducted with or without an
assistant. The animal is restrained and a nick is made in
the vessel with a needle. The blood can then be collected
into a capillary tube or through the needle into a syringe.

Sublingual Vein

When using the sublingual vein for blood sampling,
the animal should be anesthetized and then cradled in
the palm of the hand. By holding the animal’s head be-
tween the thumb and index fingers, the head can be
stretched back and the skin of the face pulled backward.
This will force the mouth open and the tongue against
the palate. The right or left vein should be cut with iris
scissors and the animal held such that blood drips into
the collection tube. The bleeding can then be stopped
by applying pressure with a gauze pad or cotton-
tipped applicator.

Decapitation

Decapitation should only be performed by trained
technicians with the appropriate equipment. There are

several commercially available small animal guillotines
that should be used to perform this technique. This tech-
nique is appropriate when a maximal blood volume is
desired and contamination of the sample is not consid-
ered to be an issue. To perform this method, the head
is first removed and the animal is held over the collec-
tion vessel and arterial and venous blood is allowed to
drain from the body.

Cannulation

Although the blood collection methods described
above will provide sufficient volumes and quality of
sample for the majority of toxicology studies, specific
protocols may require blood to be sampled from animals
that have been subjected to a minimum of handling or
from specific sites within the body of the animal. Cannu-
lation of a specific artery or vein will typically meet this
requirement, though in rodents, the usable life span of
the cannula is limited by the length of time the cannula
remains patent. Yoburn et al. (1984) compared jugular,
carotid, and femoral cannulas for long-term sampling
of blood. They found the femoral artery cannula was
preferable in terms of patency and postsurgical weight
loss. Collection from a cannula is the same regardless
of implant site. The cannula is typically exteriorized be-
tween the animal’s scapula and a stylet is inserted into
the end of the cannula. For the purpose of collection,
the stylet is removed and a needle is inserted into the
cannula with a syringe attached. The heparin lock is
then drawn out of the cannula until blood is observed
in the syringe. The syringe is then removed from the
needle and a new syringe is used to collect the sample.
The collection syringe is then removed from the needle
and replaced with a syringe filled with the desired solu-
tion for locking the cannula, typically a heparin dextrose
solution. Once the cannula is flushed and locked with
the heparin solution, the stylet is replaced. Using the
appropriate technique for flushing and locking the can-
nula is the key to maintaining the patency of the
cannula.

Jugular Vein

The cannulation procedure is the same as previously
described for infusion techniques. The cannula has been
found to remain patent for a variable period of time, and
the length of time the cannula remains patent is directly
related to the skill of the technician collecting the sam-
ples. It is important to remember that a cannula placed
in the venous system can easily develop clots in the can-
nula if not flushed and locked properly. Various
methods of anchoring the cannula to the rats back or
head have been developed for ease of sampling or as a
connection point for continuous infusion. Each of these
methods has been developed such that the exteriorized
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cannula is positioned so that the animal cannot gain ac-
cess to it.

Inferior Vena Cava

The inferior vena cava appears to provide a site for
long-lived cannulas. The cannula can be surgically
placed either directly into the vena cava through an
abdominal surgery or can be advanced into the vena
cava from the femoral vein. Either way, the cannula
has been shown to remain patent for months (Kaufman,
1980). In either implantation, the cannula is then
tunneled sc and exteriorized between the scapula in
the same manner as the jugular vein cannula.

Abdominal Aorta

The most common method for placing a cannula in
the abdominal aorta is via the femoral artery. The can-
nula is inserted into the femoral artery and advanced
to the level of the just above the kidneys. The opposite
end of the cannula is then tunneled to and exteriorized
between the scapula. This is a minor surgical procedure
in which the animal recovers easily. Similar methods are
employed when collecting blood from the arterial cath-
eter as those used for the venous catheter. Caution
should be taken when removing the stylet from the can-
nula, as a cannula in the arterial system is under pres-
sure. If not properly prepared, the animal could
quickly lose a large amount of blood. It is recommended
that the technician place a clamp on the cannula prior to
removal of the stylet. Once the blood collection is com-
plete, the cannula should be thoroughly flushed with sa-
line prior to locking the cannula. The tip of an arterial
cannula is positioned such that it is against the flow of
blood. Because of this, clots and fibrin deposits develop
easily on the end of the cannula limiting the usable life.

Subcutaneous Ports

An exteriorized cannula is a source of contamination,
infection, and is subject to destruction by the animal or
other animals if group housed. Several types of sc ports
have been developed for implantation along with the
cannula. These ports are designed such that test mate-
rials may be injected or infused through them or blood
may be collected from the port. In most cases, the port
is implanted sc on the dorsal side of the animal. As
with exteriorized cannula, the skill of the technician
accessing, collecting samples, flushing, and locking the
port directly affects the usable life of the port.

Urine Collection

Urine is generally collected in toxicology studies to
assess kidney function. The most common method
used for urine collection is a commercially available

stainless steel cage. The cage is designed such that the
urine and feces are separated by a cone-shaped device.
The urine drains off the collecting walls into a tube
and the feces fall into an inverted cone. Food and water
are made available in such a way that the urine will not
be contaminated. Although this type of cage produces
urine of acceptable quality for normal urinalysis, the
sample may be contaminated with hair or feces. Other
methods for urine collection in the rat include cystocent-
esis, which involves a needle stick into the bladder, and
cannulation of the bladder.

Necropsy

The necropsy is the link between antemortem find-
ings and histological observation. It is an essential
portion of the toxicology study, and because a necropsy
will involve the processing of a large number of animals,
it is important that the procedure is well planned (Black,
1986). At a prenecropsy meeting involving the patholo-
gist, prosectors, and the study director, necropsy respon-
sibilities can be discussed. Additionally, the study
director can summarize clinical findings and potential
target organs. The prosectors should be familiar with
the protocol and amendments for the study involving
the animals being necropsied. The protocol should
clearly state which tissues are to be collected and
weighed and how the tissues should be preserved. Dur-
ing the necropsy, devices such as checklists or prela-
beled compartmentalized trays should be present to
ensure that all required organs are taken and weighed.
In recent years commercially available computer soft-
ware has been developed to assist in the collection and
weighing of tissues at necropsy. This is an electronic
copy of the checklist, but it also provides a method for
recording observations in a consistent manner. Copies
of the last clinical observations should be present at
the necropsy, so the prosectors are alerted to lesions
that may be present and require special attention. Palpa-
tion records are particularly important at carcinogenic-
ity study necropsies to ensure that all masses detected
at the last examination are confirmed and collected.

The necropsy will involve a check of animal identifi-
cation and sex, an external examination of the animal, an
in situ examination of all tissues and organs (prior to
dissection, and the collecting and weighing of the
required tissues).

SUMMARY

In summary, there are several advantages to the use of
the rat in toxicology studies. Because of its widespread
use in many fields of biology, there is a large historical
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database of information about the anatomy and needs of
the species. This knowledge, along with information
about the species’ metabolism and response to toxicants,
has shown the rat to be a generally good model for the
prediction of the human response to toxicants. Rats
have a life span of 24e30 months, which is convenient
for chronic toxicity and carcinogenicity studies where
animals need to be exposed for the majority of their life-
time. The short gestation time and large litter size make
the rat a good model for reproductive studies. The
development of specific pathogen-free rats and
improvement in husbandry has eliminated most of the
disease outbreaks that may have introduced variability
into a study. The lack of an emetic response allows for
the testing of higher dosages of compound that may
cause vomiting in other species. The small size of the
rat is useful in that a large number can be housed
economically. The size is also useful in that smaller
amounts of test compound are required to gain maximal
exposure.

The relatively small size of the rat is also one of its ma-
jor disadvantages. The amount of blood that can be
taken from the animal is limited, thus limiting the num-
ber of parameters that can be investigated or the number
of toxicokinetic samples that can be collected from a sin-
gle animal. This problem can be overcome by adding
additional animals in interim sacrifice groups or by col-
lecting toxicokinetic samples from cohorts of animals at
different times. In most cases it is recommended that
toxicokinetic samples be collected from satellite animals
and not from the main study animals being used for
evaluation of toxicity. However, an increased number
of animals means increased work in the conduct of the
study. The small size and relatively active nature of the
rats makes some procedures, such as iv dosing or collec-
tion of electrocardiograms, difficult. These issues have
been overcome with the use of suitable restrainers or
in some cases, anesthesia. The rat has been used success-
fully in toxicology research for close to a century and
will continue to be used for the foreseeable future.

The Mouse

Use in Toxicological Research

As discussed earlier, the choice of a species for
toxicity testing is based on consideration of a range of
variables. Ideally, if toxicity testing is intended to pro-
vide information on the safety of a test article in or by
humans, the species chosen for testing should be most
similar to humans in the way it handles the test article
pharmacodynamically. Substantial differences in ab-
sorption, distribution, metabolism, or elimination be-
tween test species and the target species, e.g., humans,
will reduce the predictive value of the test results.

From a practical standpoint, often the pharmacokinetics
is 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.

Mice have many advantages as test animals for
toxicity testing. They are small, relatively economical
to obtain, house, and care for, and they are generally
easy to handle. Mice are generally more economical
than rats in these respects. Although mice may attempt
to escape or bite handlers, with regular, gentle handling
they are easily managed. Other advantages of the spe-
cies 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 sup-
pliers. Many genetically well-defined highly inbred,
specifically or randomly outbred strains are available.
Mice have been used in biomedical research for hun-
dreds of years, and because of this, many technical pro-
cedures 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 inci-
dence of various diseases and types of tumors in un-
treated animals, and is continuously being added to
(Blackwell et al., 1995). An additional advantage for
mice, particularly when testing highly humanized bio-
logical products, is that transgenic mice that have the
gene encoding the specific human pharmacodynamic
drug receptor can now be readily developed.

There are also disadvantages to using mice, and most
are related to the small size of the animal and the limits
that this imposes. The smaller size and higher metabolic
rate compared with the rat renders the species less
hearty than rats. Deviations in environmental conditions
such as an air conditioning failure or failure in an auto-
matic watering system typically have more severe ef-
fects on the smaller species such as mice than the same
deviations have on rats. Owing to their high level of nat-
ural activity, most strains of mice will not become as
docile or easy to handle as rats that have received equiv-
alent 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, electrocardiographic evaluation, and some
necropsy evaluations. The FDA provides Human Equiv-
alent Dose interspecies conversion factors for converting
most animal model NOAELs or such to a human
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equivalent. The conversion factor for the mouse is 12.1,
meaning an observed NOAEL in a mouse of 12.1 mg/
kg/day would be converted to 1.00 mg/kg/day for con-
servative human administration. This relatively high
value imposes a de facto penalty on using mice as one
of the species in a safety assessment.

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

Normal Physiological Values

Selected normal physiological values for mice are
shown in Tables 2.17 and 2.18. Median survival of a
number of groups of Charles River CD-I outbred mice
is shown in Table 2.19.

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 consid-
ered as a reference but will not necessarily represent
experience in any particular laboratory.

Species Differences

Mice are similar to other common laboratory animal
species and to humans in many ways, yet the differences
should not be underestimated and must be understood.
Mice have a high metabolic rate compared to other spe-
cies. This fact alone may result in increased or decreased
toxicity of a test article, depending on the specific mech-
anism of intoxication. In many cases, high metabolic rate
may be associated with rapid absorption, distribution,
metabolism, and elimination of a test article. It may
also lead to higher systemic Cmax levels of toxicants
such as reactive oxygen species. Mice are obligate nose
breathers and have more convoluted nasal passages
than humans. This may result in an excess of respirable
test article deposited in the nasal passages, resulting in
either increased or decreased relative toxicity, depend-
ing 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 mu-
rine kidney, they are capable of producing urine that is
about four times as concentrated as the highest attain-
able human concentrations (Fox and Bennett, 2015).
These characteristics of renal architecture and function
may 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

TABLE 2.17 Normal Physiological Values General and
Reproductive

GENERAL

Life span

Average 1e3 years

Maximum reported 4 years

Adult weight

Male 20e40 g

Female 18e40 g

Surface area 0.03e0.06 cm2

Chromosome number (diploid) 40

Food consumption 4e5 g/day

Water consumption 5e8 mL/day ad libitum

Body temperature 36.5�C

Oxygen consumption 1.69 mL/g/h

REPRODUCTIVE

Age, sexual maturity

Male 50 days (20e35 g)

Female 18e40 g

Breeding season Continuous, cyclic

Estrus cycle 4e5 days

Gestation period

Average 19 days

Range 17e21 days

Litter size

Average 12

Range 1e23

Birth weight 1.5 g

Age begin dry food 10 days

Age at weaning 16e21 days (10e12 g)

Data derived from Fox, J.G., Bennett, S.W., 2015. Biology and diseases of mice. In: Fox,

J.G., Anderson, L., Otto, G., Prichett-Corning, K., Wary, M. (Eds.), Laboratory Animal

Medicine. Academic Press, New York, pp. 31e89.
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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 nat-
ural 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 spe-
cific objectives of the study and the specific characteris-
tics 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 differ-
ences are summarized for selected strains available from
the Charles River Breeding Laboratories in Table 2.20.
Outbred strains tend to be larger at maturity than inbred
strains, with the CD-I strain reaching the highest mean
weights at 56 days of age of those strains in Table 2.20.
The CF1 strain has been reported to be highly resistant
to mouse typhoid and to be relatively resistant to salmo-
nellosis (Hill, 1981). Nude or athymic strains of mice are
more sensitive to tumor development than heterozy-
gous strains. These sensitive strains develop the same
types of tumors as those seen in more conventional
strains, but the incidences are higher and the latency pe-
riods 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 be-
tween 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

TABLE 2.18 Normal Physiological Values Cardiovascular and
Respiratory

CARDIOVASCULAR

Heart rate

Average 600/min

Range 320e800/min

Blood pressure

Systolic 113e160 mmHg

Diastolic 102e110 mmHg

Blood volume

Plasma 45 mL/kg

Whole 78 mL/kg

Hematocrit 41.5%

RBC life span 20e30 days

RBC diameter 6.6 microns

Plasma pH 7.2e7.4

RESPIRATORY

Rate

Average 163/min

Range 320e800/min

Tidal volume

Average 0.18 mL

Range 0.09e0.38 mL

Minute volume

Average 24 mL/min

Range 11e36 mL/min

RBC, red blood cell.

Data derived from Fox, J.G., Bennett, S.W., 2015. Biology and diseases of mice. In: Fox,

J.G., Anderson, L., Otto, G., Prichett-Corning, K., Wary, M. (Eds.), Laboratory Animal

Medicine. Academic Press, New York, pp. 31e89, and from the Animal Diet Reference

Guide, Purina Mills, Inc. (1987).

TABLE 2.19 Median Survival of 16 Groups of Control Mice (%)

Sex

Period of Time on Study (months)

6 (%) 12 (%) 18 (%) 21 (%)

Male 98 91 63 46

Female 98 95 74 68

Data represent median survival of Charles River CD-I outbred albino mice

enrolled in 24-month chronic toxicity studies at pharmaceutical or contract

toxicology laboratories.

Adapted from Lang, P.L., February 1989a. Spontaneous Neoplastic Lesions in the

B6C3F,/CrIBR Mouse. Charles River Monograph. Charles River Laboratories, Wil-

mington, Massachusetts; Lang, P.L., Fall 1989b. Survival of CrI: CD-I BR Mice during

Chronic Toxicology Studies. Charles River Laboratories Reference Paper. Wilmington,

Massachusetts.

TABLE 2.20 Normal Body Weights in Grams of Selected Strains
of Mice

Outbred Strains Inbred Strains Hybrid

Age

(days)

CD-1 CF-I CFW C3H C57BU6 BALB/c B6C3FI

M F M F M F M F M F M F M F

21 12 11 12 11 9 9 e e e e e e e e

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 35 27 30 26 28 23 27 26 22 18 21 19 26 21

Data derived from Charles River Growth Charts.
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lung tumor bioassay, with tumors inducible within
8 weeks or less of treatment. Susceptibility of various
strains to the initiation and/or promotion of skin tumors
has also been shown to differ greatly (Chouroulinkov
et al., 1988; Steinel and Baker, 1988). The incidences of
selected spontaneously occurring neoplastic lesions in
CD-I (outbred) and B60171 (hybrid) strains are
compared in Table 2.21.

The number of strain-related differences in suscepti-
bility to various test articles and environmental condi-
tions exceeds the scope of this chapter, but additional
information is available (Nebert et al., 1982).

STUDY DESIGNS

Most toxicity and teratology studies conducted in
mice are designed to provide information on potential
human toxicity. Test substances are typically adminis-
tered by the expected route of human exposure. A phar-
maceutical product that is intended for oral
administration (tablet, capsule, solution, or suspension)
or a food additive would generally be administered by
the oral route. Oral administration to mice is usually
accomplished by administration of a solution or suspen-
sion by oral gavage, by mixture of the test substance
with the diet, or less commonly added to the drinking
water.

The specific design of toxicity studies should be
tailored to the objective to be achieved and to any spe-
cific characteristics of the test substance. Many features
of study design will be predicated on guidelines and
practices of regulatory agencies such as the FDA or
EPA in the United States or their counterparts in other
countries to which the results of the study are submitted

TABLE 2.21 Incidence of Spontaneously Occurring Neoplastic
Lesions

CD-I B6C3Fl

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

Reticulum 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 2.9 8.3 3.3

Bronchiolar/alveolar carcinoma 3.5 3.1 1.9 0.6

Alveolar type II carcinoma 11.7 13.9 0.2 0.1

Alveolar type II adenoma 2.5 1.2

Adenoma 1.2 0.7

LIVER

Nodular hepatocellular
proliferation

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 proliferation 3.3 2.9

Endometrial sarcoma 1.9 0.6

Leiomyoma 1.0

Leiomyosarcoma 1.0 0.3

Hemangioma 1.0 0.9

PITUITARY

Adenoma 3.4 0.3 7.9

TABLE 2.21 Incidence of Spontaneously Occurring Neoplastic
Lesionsdcont’d

CD-I B6C3Fl

Location and Lesion M F M F

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

Lesions occurring at spontaneous incidence of w:1% in either sex of Charles

River CD-1 or 136C3171 mice strain.

Data from Charles River Breeding Laboratories, compiled from control animals on

24-month studies completed between 1978 and 1986.

I. TOXICITY TESTING MODELS AND BIOMARKERS

2. RODENT MODELS FOR TOXICITY TESTING AND BIOMARKERS36



in support of a safety claim. Recommendations for study
length (duration of dosing) fall in this category.

Toxicity studies are usually conducted in order of
increasing duration of dosing, beginning with acute
toxicity studies. When this regimen is followed, each
study provides progressively more useful information
for the selection of doses for the next, longer study.

Acute Toxicity Studies

Acute toxicity studies are conducted to evaluate the
effects of a single substance. Usually each animal re-
ceives a single dose of the test substance in this study
design. On rare occasion, repeated doses may be admin-
istered, but in any event, all doses are administered
within 24 h or less. Historically, a primary objective of
acute toxicity testing was to determine an LD50 dose,
or that dose which would be lethal to 50% of the animals
treated. To achieve this objective, groups of mice, often
numbering 10 or more per sex, are treated with a single
dose of the test substance. Depending on the rate of sur-
vival in the initial group(s), additional groups are added
to the study at higher and/or lower doses such that most
animals that receive the highest doses die and most that
receive the lowest doses survive. Survival is assessed at
some predetermined interval after dosing, usually 7 or
14 days, but occasionally as early as 24 h. The resultant
doseeresponse data can be analyzed by a statistical
method such as probit analysis (Finney, 1971) to provide
an estimate of the median lethal dose (LD50) and some
measure of the precision of that estimate, such as the
95% fiducial limits. There are very few scientifically
valid reasons to include determination of the LD50 as a
significant objective of acute toxicity testing, and most
regulatory agencies have dropped their requirements
for a specific value for the LD50, and animal welfare con-
siderations preclude the use of the large numbers of an-
imals previously required.

A more contemporary design for acute toxicity
testing attempts to derive a maximum amount of infor-
mation from a minimum number of animals. Study ob-
jectives include determination of the most important
clinical signs attributable to high doses of the test sub-
stance, time of onset and remission of those signs,
possible determination of a minimum lethal dosage,
and in the event of lethality, the sequence and timing
of effects leading to death or recovery. These objectives
are achieved by means of a comprehensive schedule of
animal observations following dosing. These objectives
can usually be achieved by treating from one to three
groups of three to five mice/sex/group at different
doses.

Traditionally, acute toxicity testing of potential new
pharmaceutical products is conducted in at least three

species, with one being a nonrodent, and by at least
two routes of administration, one of which is the
intended clinical route. Mice are the most frequently
selected rodent species for acute toxicity testing. The
choice of routes of administration depends on the
intended clinical route and on how much is already
known about the oral bioavailability of the test sub-
stance. If the intended clinical route is oral, acute testing
by oral gavage with a solution or suspension is of pri-
mary importance. If other clinical routes are anticipated
(e.g., iv or dermal), they represent good secondary
routes for acute testing. Ordinarily, at least one paren-
teral route is used for acute testing, and that route may
be intravenous (IV) if the product is soluble in a fairly
innocuous vehicle (e.g., water or saline) or ip as a sus-
pension if the product is insoluble in an aqueous (or
other innocuous) vehicle. If the intended clinical route
is not oral, the oral route is usually selected as a second-
ary route for acute toxicity testing to provide information
relevant to accidental oral ingestion. A rough estimate of
oral bioavailability can be based on a comparison of the
acute toxicity associatedwith various doses administered
by the oral and parenteral routes. Acute toxicity testing
conducted for other purposes is usually more limited in
scope. Most regulatory agencies no longer require a full
complement of species and routes of administration to
render decisions on acute toxicity.

There are a few characteristics of acute toxicity testing
that are not common in other toxicity protocols. In a
typical repeated dose toxicity study, several groups of
animals are treated concurrently with predetermined
doses of test substance and a control substance. To
reduce animal use in acute toxicity testing, studies that
include more than one dose group are usually dosed
sequentially, with an interval of at least 24 h between
dosing of subsequent groups. This allows the effects of
the previous dose to be fully manifested and allows se-
lection of the subsequent dose to provide the highest
probability of contributing more useful information.
Another unusual aspect of acute toxicity studies is the
nutritional status of the animals at dosing. Because
some schools believe that the results of acute toxicity
testing are more reliable if all animals are in a uniform
nutritional state, mice to be dosed orally are often fasted
overnight prior to dosing. Fasting allows dose volumes
to be higher than in repeated dose studies, and because
dosing only occurs on 1 day, dietary stress is considered
tolerable. The scientific merits of this practice are debat-
able, but fasting is “traditional” in oral acute toxicity
studies (and in initial human clinical studies). Although
the practice of conducting gross necropsies at the end of
acute toxicity studies is growing in popularity, this prac-
tice rarely yields useful information. The toxicity result-
ing from acute exposure is usually associated with a
biochemical or functional imbalance rather than with a
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change in the gross or microscopic architecture of an or-
gan system. Changes observable at gross necropsy are
more often associated with repeated dosing at sublethal
levels. For similar reasons, microscopic examination of
tissue is rarely conducted in acute toxicity studies unless
there is some scientific reason to expect it would be
useful.

The results of a well-designed acute toxicity study
can help to predict likely target organ systems and
possible outcome in the event of massive human overex-
posure, can help in establishing risk categories for EPA
or Department of Transportation classification, and can
help in dose selection for the initial repeated dose
toxicity tests to be conducted. An example of an acute
toxicity study design is in Table 2.22.

Short-Term Toxicity Studies

The objective of short-term or subchronic toxicity
studies is to describe and define the toxicity associated
with repeated administration of high, but generally sur-
vivable doses of a test substance. This may include iden-
tification of target organs and systems, definition of the
maximum survivable repeated dose, and the highest
“clean” or no effect dose. Short-term repeated dose

studies also serve as dose range-finding studies for
longer-term repeated dose studies.

Short-term toxicity studies range in duration of
dosing from about 7 to 90 days. Mice typically receive
a single, daily dose of the test substance, 7 days/week
by the expected clinical route of administration. If the
test substance is administered in the diet (or rarely, the
drinking water), that admixture is available continu-
ously. Short-term studies usually include three to four
groups of mice exposed to different dose levels of the
test substance, and an additional group exposed to the
carrier to serve as a control for the effects of treatment.
Group sizes for these studies are on the order of 5e10
mice/sex/dose. Ideally, dose levels should be selected
for these studies such that a few animals die at the high-
est dose prior to the completion of dosing (to assure
exposure to the maximum survivable dose), and all sur-
vive at the lowest dose with minimal evidence of toxic
effects. The middle dose or doses should be set at
approximately equal log increments between the high
and low doses. It is important to begin to identify the
highest dose level that is free of serious toxic effects to
determine whether the test substance is likely to be toxic
to humans at the expected therapeutic dose or exposure
level.

Parameters monitored in a typical short-term
repeated dose study may include daily observations
for clinical signs of toxicity and mortality, weekly phys-
ical examinations, body weight and feed consumption,
and terminal measurement of serum glucose and urea
concentrations, serum aspartate aminotransferase,
alanine aminotransferase (ALT), and alkaline phospha-
tase activity. Animals found dead or killed by design
are typically submitted for gross necropsy, and selected
tissues, such as adrenal gland, bone (sternum, including
marrow), brain, heart, kidney, liver, lung, testis, and
thymus are collected, weighed (except for bone and
lung), and processed for routine microscopic examina-
tion by a qualified veterinary pathologist. An example
of a short-term toxicity study design is in Table 2.23.

Chronic Toxicity Studies (26 weekse2 years)

The objective of chronic, or long-term, toxicity studies
is to refine the description of the toxicity associated with
long-term administration of high, survivable doses of a
test substance. Chronic toxicity studies are more
commonly conducted in rats than in mice, but such
studies can be conducted in mice, and this discussion
describes objectives and practices for conducting such
studies. Target organs and systems have usually been
identified prior to the conduct of chronic studies, but it
is the chronic study that provides the best opportunities
to understand the subtle changes associated with

TABLE 2.22 Typical Acute Toxicity Study Design for Mice

Number of mice/sex/dose group 3e5

Number of dose groups 1e3

Number of control groups None

Dosing frequency Single dose

Dosing days I day

Survival checks Not done (part of Clin. Obs.)

Clinical observations 4 or more on day of treatment,
then 1e2 daily

Physical examinations Not done

Body weights Prior to dosing

Feed consumption Not done

Number of reversal mice None

Duration of reversal period Not applicable

Blood collection Not done

Hematology parameters Not done

Clinical chemistry parameters Not done

Urine collection Not done

Necropsy Gross (increasingly, but rarely
useful)

Tissue collection Rarely (specific cause only)

I. TOXICITY TESTING MODELS AND BIOMARKERS

2. RODENT MODELS FOR TOXICITY TESTING AND BIOMARKERS38


	Cover
	Biomarkers in Toxicology
	Copyright
	Dedication
	Contributors
	Foreword
	Part I: Toxicity Testing Models and Biomarkers

	1. Introduction
	References

	2. Rodent Models for Toxicity Testing and Biomarkers
	Introduction
	The Rat
	Use in Toxicological Research
	Characteristics
	Strain Differences
	Normal Physiological Values


	Study Designs
	Routes of Test Article Administration
	Oral Routes
	Dietary Versus Gavage Methods
	Dietary Method
	Gavage Method
	Test Article Preparation
	Equipment
	Technique
	Neonatal Administration
	Capsule
	Water
	Intravenous Route

	Lateral Tail Vein
	Bolus Injection

	Tail Vein Infusions
	Jugular Vein
	Bolus Injection
	Infusion

	Saphenous, Lateral Marginal, and Metatarsal Veins
	Dorsal Penis Vein
	Sublingual Vein

	Intraperitoneal Route
	Intramuscular Route
	Subcutaneous Route
	Topical Route
	Rectal Route
	Intranasal Route
	Inhalation Route
	Intratracheal Administration

	Regimen
	End Point Measurement Techniques
	Observations and Physical Examinations
	Neurobehavioral Examination
	Functional Observational Battery
	Locomotor Activity
	Cardiovascular Parameters
	Electrocardiography
	Recording Methods
	Restraint
	Position
	Tethered
	Leads
	Telemetry
	ECG Waveform
	Heart Rate

	Blood Pressure
	Indirect Measurement
	Tail Cuff Method
	Hindpaw Method


	Direct Measurement
	Blood Collection Techniques
	Retro-Orbital Plexus
	Tail
	Tail Clip
	Venipuncture
	Arterial Puncture
	Cardiac Puncture
	Abdominal Aorta and Vena Cava
	Jugular Vein
	Proximal Saphenous and Metatarsal Vein
	Proximal Saphenous Vein
	Metatarsal Vein
	Sublingual Vein
	Decapitation
	Cannulation
	Jugular Vein
	Inferior Vena Cava
	Abdominal Aorta
	Subcutaneous Ports

	Urine Collection
	Necropsy

	Summary
	The Mouse
	Use in Toxicological Research
	Normal Physiological Values


	Species Differences
	Strain Differences

	Study Designs
	Acute Toxicity Studies
	Short-Term Toxicity Studies
	Chronic Toxicity Studies (26weeks–2years)
	Carcinogenicity Studies (18–24months)
	Teratology Studies
	Segment II Teratology Studies

	Genetic Toxicity Studies
	Mouse Micronucleus Assay
	Heritable Translocation Assay
	Microbial Host-Mediated Assay

	Special Studies
	Mouse Ear Swelling Test

	Dermal Carcinogenicity (Skin Painting) Study

	Routes of Test Substance Administration
	Oral Administration
	Gavage
	Description of Technique
	Dietary Admixtures
	Description of Technique
	Drinking Water
	Description of Technique

	Intravenous Injection
	Description of Technique

	Intraperitoneal Injection
	Description of Technique

	Intramuscular Injection
	Description of Technique

	Subcutaneous Injection
	Description of Technique

	Intradermal Injection
	Description of Technique

	Topical Administration
	Description of Technique

	Inhalation
	Chamber (Whole Body)
	Head/Nose Exposure (Head Only/Nose Only)


	End point Data Collection
	Clinical Observations and Physical Examinations
	Clinical Laboratory Evaluations
	Postmortem Procedures


	Summary
	The Hamster

	Species
	Syrian Hamster
	Chinese Hamster
	European Hamster
	Armenian Hamster
	Turkish Hamster
	Rumanian Hamster
	Dzungarian Hamster
	South African Hamster

	Spontaneous Tumors
	Animal Identification
	Dosing Procedures
	Oral Administration
	Subcutaneous Administration
	Intradermal Administration
	Intramuscular Administration
	Intraperitoneal Administration
	Intravenous Administration

	Blood Collection Techniques
	Retro-orbital Method
	Cardiac Puncture
	Tail Clipping Method
	Femoral Vein Method
	Jugular Vein Method
	Saphenous Vein

	Urine Collection
	Physical Parameters
	Neonatal Body Weights
	Body Weights and Weight Gains
	Dentition
	Life Spans
	Sexual Maturity
	Respiratory Rate and Oxygen Consumption

	Blood Pressure
	Heart Rate
	ECG Patterns
	Clinical Laboratory
	Glucose
	Lipids
	Urea Nitrogen

	Enzymes
	Alkaline Phosphatase
	Alanine Aminotransferase
	Aspartate Aminotransferase
	Creatine Kinase and Lactic Dehydrogenase
	Thyroid Hormones
	Reproductive Hormones
	Adrenal Hormones

	Proteins
	Hematology Values
	Erythrocytes
	Leukocytes
	Coagulation
	Trypanosomes

	Blood Gases and pH
	Urine Values
	Species Peculiarities
	Strain-Related Considerations
	Typical Study Protocols
	Carcinogenicity Toxicity Testing
	Inhalation and Intratracheal Studies
	Teratology Studies
	Toxicology Studies

	Chinese Hamster Ovary Cell Chromosome Aberrations
	Syrian Hamster Embryo Cell Transformation Assay
	Models of Diseases
	Cardiomyopathy
	Dental Caries
	Diabetes Mellitus
	Leprosy
	Muscular Dystrophy
	Osteoarthritis and Degenerative Joint Disease
	Pancreatic Cancer

	Concluding Remarks and Future Directions
	References

	3. Göttingen Minipigs as Large Animal Model in Toxicology
	Pigs and Minipigs in Translational Research
	Legislation and Species Selection
	Göttingen Minipigs as an Animal Model
	Dosing Routes and Formulations
	Age and Sex
	Hematology
	Blood Biochemistry
	Organ Weight, Background Findings, and Comparative Aspects
	Safety Pharmacology
	Immune System
	Concluding Remarks and Future Directions
	References

	4. Nonhuman Primates in Preclinical Research
	Introduction
	Clinical Pathology in NHPs
	Preanalytical Variation
	Hematology
	Coagulation and Hemostasis
	Clinical Biochemistry
	Urinalysis

	Background Microscopic Lesions in NHPs
	Mononuclear Cell Infiltrates
	Cardiovascular
	Gastrointestinal and Hepatic
	Renal
	Skeletal Muscle

	Concluding Remarks and Future Directions
	References

	5. Biomarkers of Toxicity in Zebrafish
	Introduction
	Zebrafish Background
	Ecotoxicological Biomarkers of Toxicity
	Examples of Biomarkers of Fish Toxicity
	An Example of an Established Biomarker: Vitellogenin
	Cautions
	Concluding Remarks and Future Directions
	Acknowledgments
	References

	6. Mechanistic Toxicology Biomarkers in Caenorhabditis elegans
	Introduction
	C. elegans and Biomarkers
	Mechanistic Biomarkers
	Oxidative Stress Markers
	Mitochondrial Markers

	Neurodegenerative Diseases and Gene–Environment Interactions
	Alzheimer's Disease
	Parkinson's Disease

	Concerns Unique to C. elegans
	Concluding Remarks and Future Directions
	Acknowledgments
	References

	7. Potential of Small Animals in Toxicity Testing: Hope from Small World
	Introduction
	Toxicity Testing Using Small Animals
	Drosophila melanogaster
	Drosophila Model in the Prediction of Cellular Toxicity
	Prediction of Developmental, Reproductive, and Behavioral Toxicity Using Drosophila melanogaster
	Toxicomics Profiling Using Drosophila

	Predication of Toxicity Using Eisenia fetida
	Prediction of Toxicity Using Daphnia magna

	Concluding Remarks and Future Directions
	Acknowledgments
	References

	8. Alternative Animal Toxicity Testing and Biomarkers
	INTRODUCTION
	USE OF ALTERNATIVES TO ANIMAL TESTING AND BIOMARKERS
	REASONS FOR DEVELOPING ALTERNATIVES TO ANIMAL TESTS AND BIOMARKERS
	EXAMPLES OF ORGANIZATIONS' RESEARCHING AND FUNDING ALTERNATIVES TO ANIMAL TESTING AND BIOMARKER DEVELOPMENT
	ACHIEVING 3RS WITH MINIMAL TO NO ANIMAL TESTING BY USING BIOMARKERS
	In Silico Computer Simulation
	In Vitro Cell Culture Techniques
	Limitations of Alternative In Vitro Tests

	APPLICATIONS OF IN VITRO TESTS AND BIOMARKERS
	Genetic Toxicology Testing, In Vitro
	Bacterial Mutation Assay (Ames Assay)
	In Vitro Micronucleus and Chromosome Aberration Assays in Cultured Cells (Cytogenetic Assays)
	Comet or Single-Cell Gel Electrophoresis Assay
	Integrated Genotoxicity Testing Using Fewer Animals and Collecting Most Information
	Unique Zebrafish Model

	In Vitro Pharmacologic Activity Testing
	Isolated Tissues
	Receptor Binding Studies

	In Vitro Drug Disposition Studies
	Major Challenges of In Vitro Absorption, Distribution, Metabolism, and Elimination
	Advances in Technologies
	Systemic Toxicity Testing in Product Development

	CONCLUDING REMARKS AND FUTURE DIRECTIONS
	References

	9. Adverse Outcome Pathways and Their Role in Revealing Biomarkers
	Introduction
	Adverse Outcome Pathways: Principles of Development and Assessment
	Adverse Outcome Pathway Framework: Similarities and Differences With Biomarkers
	Adverse Outcome Pathways as a Tool to Retrieve Biomarkers
	Biomarkers Depicted from the Adverse Outcome Pathway–Knowledge Base
	Regulatory Use of Adverse Outcome Pathways
	Concluding Remarks and Future Directions
	References

	Part II: Systems Toxicity Biomarkers

	10. Central Nervous System Toxicity Biomarkers
	Introduction
	Measuring Central Nervous System Dysfunctions

	Biomarkers in Neurotoxicology
	Biomarkers of Exposure
	Biomarkers of Susceptibility
	Biomarkers of Effects

	Case Study 1: The Organophosphorus Insecticides
	Toxicity and Neurotoxicity of Organophosphorus
	Biomarkers of Exposure
	Biomarkers of Susceptibility
	Biomarkers of Effect

	Case Study 2: Mild Traumatic Brain Injury
	Concluding Remarks and Future Directions
	Acknowledgments
	References

	11. Peripheral Nervous System Toxicity Biomarkers
	Introduction
	Types of Biomarkers of the Peripheral Nervous System
	Peripheral Nervous System Biomarker Methodology
	Neurological and Physical Examination
	Protocol

	Sample Requirements for Biomarker Testing
	Biomedical Imaging and Informatics
	Electrodiagnostic Tests
	Blood Tests
	Testing for Toxins
	Molecular Diagnostics
	Molecular, Cellular, and Histological Techniques
	Toxicogenomics and Proteomics Approaches
	Metabonomics

	Biomarkers of Traumatic Brain Injury Affecting Peripheral Nervous System
	Biomarkers of Nerve Tissue Injury in the Peripheral Nervous System
	Biomarkers of Changes in Electrophysiology
	Ion Channels as Biomarkers
	Biomarkers of Axonal Injury
	Biomarkers of Altered Axonal Transport
	Biomarkers of Axonal Regeneration
	Potential Biomarkers of Pain
	Potential Biomarkers of Psychiatric Diseases, Neurodegenerative Diseases, and Insomnia
	Potential Biomarkers of Motor Function, Emotional Behavior, Temperature Regulation, Sensory Perception, Locomotion, and Psy ...
	Potential Biomarkers of Sleeping Disorders (Apnea, Insomnia, and Desynchronosis)
	Biomarkers of Peripheral Nervous System Infection
	MicroRNAs as Potential Biomarkers of Peripheral Nervous System Injury
	Chemical-Induced Peripheral Neuropathy
	Pharmacogenomic Biomarkers for Preventing Chemical-Induced Peripheral Neuropathy
	Epigenetic Biomarkers of Axonal Regeneration
	Biomarkers From Studies on Inherited Peripheral Neuropathies
	Multiple System Atrophy–Related Biomarkers
	Biomarkers of Demyelination Injuries
	Biomarkers of Neuromuscular Junction Injuries
	Biomarkers From Surrogate Tissue Analysis for Peripheral Nervous System Disorders
	Biomarkers of Cholinergic System and Its Relevance to the Peripheral Nervous System
	Peripheral Nervous System Biomarkers for Exposure to Organophosphates
	Biomarkers of Organophosphorus-Ester Induced Delayed Neurotoxicity

	Autonomic Nervous System
	Autoimmune Autonomic Disorders
	Autoantibodies as Biomarkers for Peripheral Nervous System Disorders
	Nonimmune Nodopathies
	Role of Peripheral Nervous System in Parkinson's Disease and Lewy Body Disease
	Neural Stress System of Peripheral Nervous System

	Biomarkers of Enteric Nervous System
	Emerging Avenues of Peripheral Nervous System Biomarker Developments: Exosomes
	Personalized Medicine
	Concluding Remarks and Future Directions
	References

	12. Cardiovascular Toxicity Biomarkers
	Introduction
	Physiology of the Cardiovascular System
	Basic Functions
	Cardiac Cycle
	Nervous System
	Immune System
	Neurohormonal System
	Vascular System
	Xenobiotics

	Epigenetic Modifications
	Mitochondrial Dysfunction
	Proteomics
	Cardiac Toxicity
	Biomarker of Myocardial Ionic Dysfunction
	Electrocardiogram

	Metabolomics
	Biomarkers of Wall Stretch
	Natriuretic Peptide
	Choline
	Fatty Acid–Binding Protein

	Biomarkers of Necrosis
	Troponin
	Creatine Kinase
	Myoglobin

	Biomarkers of Inflammation
	C-Reactive Protein
	Galectin-3
	Myeloperoxidase
	Tumor Necrosis Factor

	Remodeling
	ST2 and sST2
	sST2 Soluble
	Matrix Metalloproteinase-9
	Growth Differentiation Factor 15

	Neurohormonal Action
	Fibrinogen
	Copeptin

	Vascular Biomarkers
	Homocysteine
	Lp-PLA2
	Placental Growth Factor
	Pregnancy-Associated Plasma Protein-A

	Other Markers
	Heart Rate Variability
	Rho Kinase
	Plasma Ceramides

	Markers of Drug-Induced Toxicity
	Cardiac Biomarkers of Illegal Drugs, Chemicals, and Terror Agents
	Anthrax
	Pharmaceuticals
	Illegal Drugs
	Environmental Chemicals
	Weaponized Chemicals

	Future Trends in Cardiovascular Biomarkers
	MicroRNAs as Cardiac Biomarkers

	Risk Prediction of Cardiovascular Events
	Concluding Remarks and Future Directions
	References

	13. Respiratory Toxicity Biomarkers
	Introduction
	The Respiratory System
	Causes of Lung Injury and Disease
	Types of Lung Injuries and Pathologies
	Acute Lung Injuries
	Asthma
	Bronchitis, Emphysema, and Chronic Obstructive Pulmonary Disease
	Pulmonary Fibrosis and Granuloma
	Pulmonary Hypertension
	Pulmonary Phospholipidosis

	Sampling Methods for Analysis of Biomarkers of Lung Toxicity
	Bronchoalveolar Lavage
	Sampling Sputum, Nasal Lavage, and Exhaled Breath
	Blood and Urine Sampling

	Types of Lung Toxicity Biomarkers
	Exposure Biomarkers
	Biochemical Biomarkers
	Biomarkers in Exhaled Breath Condensate
	Biomarkers in Bronchoalveolar Lavage Fluid, Nasal Lavage Fluid, and Sputum
	Total Protein and Albumin
	Activities of Lactate Dehydrogenase, γ-Glutamyltransferase, N-Acetylglucosaminidase, and Proteases/Antiproteinases
	Oxidation By-Products and Antioxidants
	Cytokines, Chemokines, and Growth Factors
	Bronchoalveolar Lavage Fluid Cells as a Determinant of Lung Inflammation

	Circulating Biomarkers of Lung Injury and Pathology
	Surfactant, Other Lung-Specific Proteins, and Immunological Biomarkers
	Collagen and Elastin Fragments
	Cytokines, Metalloproteases, and Acute-Phase Proteins
	Thrombosis Biomarkers
	Circulating Progenitor Cells
	Microparticles
	miRNA


	Biomarker Identification Using Proteomic and Metabolomic Profiling
	Biomarker Identification Using Genomic Profiling of Nucleated Blood Cells
	Urine Biomarkers of Lung Injury and Disease

	Concluding Remarks and Future Directions
	Acknowledgments
	Disclaimer
	References

	14. Hepatic Toxicity Biomarkers
	Introduction
	Overview of Liver Physiology, Toxicity, and Pathology
	Bioactivation and Detoxification
	Protein Synthesis and Catabolism
	Bilirubin Processing
	Covalent Binding
	Necrosis and Apoptosis
	Inflammation (Immune) Hepatitis
	Steatosis

	Review of Existing Biomarkers of Liver Toxicity
	Alanine Aminotransferase
	Aspartate Aminotransferase
	Alkaline Phosphatase
	Total Bilirubin
	Other Existing Hepatotoxicity Biomarkers

	Review of Emerging Biomarkers
	Genetic Biomarkers of Hepatotoxicity
	Genomics Biomarkers of Hepatotoxicity
	Proteomic Biomarkers of Hepatotoxicity
	Metabolomics Biomarkers in Hepatotoxicity
	MicroRNAs as Biomarkers of Hepatotoxicity

	Biomarker Qualification and Validation
	Concluding Remarks and Future Directions
	References

	15. Conventional and Emerging Renal Biomarkers
	Introduction
	Characteristics of Biomarkers
	Traditional Biomarkers
	Glomerular Filtration Rate
	Proteinuria
	Enzymuria

	Newer Biomarkers
	Cystatin C
	Neutrophil Gelatinase–Associated Lipocalin
	Kidney Injury Molecule-1
	Interleukin 18
	Liver-type Fatty Acid Binding Protein
	Genomics, Proteomics, Metabolomics

	Concluding Remarks and Future Directions
	References

	16. Gastrointestinal Toxicity Biomarkers
	Introduction
	NSAID-Induced Gastrointestinal Toxicity
	Chemotherapy-induced Gastrointestinal Toxicity
	Radiation-induced Gastrointestinal Toxicity
	Inflammatory Bowel Diseases
	Biomarkers for Gastrointestinal Damage
	Blood Biomarkers
	Citrulline
	Diamine Oxidase
	CD64
	Gastrins
	C-reactive Protein
	Orally Administered Probes
	Matrix Metalloproteinases
	Pepsinogen I and II

	Fecal Biomarkers
	Calprotectin
	Lactoferrin
	Polymorphonuclear Neutrophil Elastase
	Bile Acids
	I-FABP and L-FABP
	MicroRNA
	Fecal S100A12
	Other Novel Approaches

	Concluding Remarks and Future Directions
	Metabolome-based Biomarkers
	References

	17. Reproductive Toxicity Biomarkers
	Introduction
	Male Reproductive Biomarkers
	Spermatogenesis
	Synthesis of Steroids, Gonadotropins, and Peptide Hormones in Males
	Male Puberty
	Male Reproductive Aging

	Female Reproductive Biomarkers
	Folliculogenesis
	Synthesis of Steroids, Gonadotropins, and Peptide Hormones in Females
	Female Puberty
	Uterus
	Placenta
	Female Reproductive Aging

	Concluding Remarks and Future Directions
	References

	18. Biomarkers of Toxicity in Human Placenta
	Introduction
	Placental Development and Structure
	Toxic and Hormonally Active Chemicals in Human Placenta
	Placental Functions and Molecular Pathways Involved in Toxicity
	Xenobiotic Metabolism and Its Regulation in Human Placenta
	Placental Transporters
	Placental Hormone Production
	Molecular Stress Protein Pathways Involved in Toxicity of Human Placenta
	Possibilities for Studying Pathways and Proteins Involved in Toxicity of Human Placenta

	Potential Biomarkers of Exposure and Toxicity in Human Placenta
	Toxic Compounds and Their Metabolites as Biomarkers
	Placental DNA Adducts as Biomarkers
	Xenobiotic-Metabolizing Enzymes, Placental Hormones, and Stress-Related Proteins as Biomarkers of Exposure and/or Toxicity  ...
	Epigenetic Changes in Human Placenta as Potential Biomarkers of Toxicity

	Use of Placenta in Regulatory Toxicology—Considerations by Ecvam and Other Organizations
	OECD Guidelines
	Role of European Center for the Validation of Alternative Methods
	Experimental Methods Concerning Placenta

	Concluding Remarks and Future Directions
	References

	19. Early Biomarkers of Acute and Chronic Pancreatitis
	Introduction
	Anatomical, Physiological, and Metabolic Considerations for Pancreatic Injury
	Acute Pancreatitis
	Chronic Pancreatitis
	Biomolecular Basis of Pancreatitis
	Biomarkers of Acute and Chronic Pancreatitis
	Abdominal Imaging Techniques
	Functional Biomarkers of Endocrine and Exocrine Pancreatitis
	Amylase
	Isoamylase
	Lipase
	Carbohydrate-Deficient Transferrin
	Activation By-Products of Pancreatic Trypsinogen and Carboxypeptidase B
	Elastase and Phospholipase A2
	Procalcitonin
	C-Reactive Protein and Pancreatitis-Associated Protein
	Cathepsins
	Peptides
	Inflammatory Cytokines and Chemokines
	Biomarkers of Endocrine and Autoimmune Pancreatitis
	Ethanol Metabolites and Conjugates
	Differentially Altered Proteins, Metabolites, Small Molecules, and microRNA
	Comparison of Biomarkers Between Acute and Chronic Pancreatitis
	Biomarkers for Early Detection of Pancreatic Cancer
	Breathe Analysis
	Concluding Remarks and Future Directions
	References

	20. Skeletal Muscle Toxicity Biomarkers
	Introduction
	Muscle Types
	Pesticides
	Cholinesterase Inhibitors
	Behavioral Effects
	Cholinergic Effects
	Noncholinergic Effects
	Excitotoxicity and Oxidative/Nitrosative Stress
	Creatine Kinase and Creatine Kinase Isoenzymes
	Lactate Dehydrogenase and Lactate Dehydrogenase Isoenzymes

	Histopathological Alterations

	Strychnine
	Paraquat

	Metals
	Therapeutic Drugs
	Lipid-Lowering Drugs
	Drugs Used Against AIDS
	Antiinflammatory Drugs
	Antitumor and Anticancer Drugs

	Drugs of Abuse
	Venoms and Zootoxins
	Snake Toxins
	Spider Venom

	Botulinum Toxin
	Myotoxic Plants
	Concluding Remarks and Future Directions
	References

	21. Ocular Biomarkers in Diseases and Toxicities
	Introduction
	Ocular Biomarkers
	Molecular Biomarkers in Ocular Surface Disease
	Molecular Biomarkers in Keratoconus
	Molecular Biomarkers in Glaucoma
	Molecular Biomarkers in Retinal Disease
	Molecular Biomarkers in Age-Related Macular Degeneration
	Molecular Biomarkers in Ocular Oncology

	Systemic Agents and Ocular Toxicity
	Concluding Remarks and Future Directions
	References

	22. Biomarkers of Ototoxicity
	Introduction
	Structure and Function of the Normal Auditory System
	Anatomic Structure of the Human Auditory System
	Hearing Mechanisms

	Overview on Ototoxicity
	Classification of Chemicals Causing Ototoxicity
	Pharmaceuticals
	Antibiotics
	Aminoglycosides
	Macrolides

	Salicylates and Nonsteroidal Antiinflammatory Drugs
	Antineoplasic Drugs
	Cisplatin
	Vincristine

	Loop Diuretics
	Antimalarial Drugs
	Phosphodiesterase Type 5 Inhibitors
	Antiepileptic Drugs

	Industrial Chemicals

	Factors Modifying Chemical Ototoxicity
	Underlying Mechanisms of Ototoxicity
	Functional and Molecular Biomarkers for the Evaluation of Ototoxicity
	Functional Assessment of the Hearing Damage
	Pure-Tone Audiometric Testing
	Distortion Product Otoacoustic Emission
	Acoustic Immitance Test
	Acoustic Brain Stem Response Testing

	Molecular Biomarkers
	Alternative Models

	Concluding Remarks and Future Directions
	References

	23. Blood and Bone Marrow Toxicity Biomarkers
	Introduction
	Hematopoietic System
	Bone Marrow
	Hematopoiesis
	Hematopoietic Cells
	Erythrocytes
	Platelets
	Monocytes
	Neutrophils
	Eosinophils
	Basophils
	Lymphocytes
	Soluble Mediators

	Mechanisms of Hematotoxicity
	Biomarkers of Hematotoxicity
	Markers of Hematopoietic/Hematologic Toxicity
	Complete Blood Count
	Markers of Erythrocyte Toxicity
	Markers of Platelet Toxicity

	Markers of Bone Marrow Toxicity
	Bone Marrow Evaluation
	Progenitor Cell Colony Formation

	Markers of Hemostatic Toxicity
	Concluding Remarks and Future Directions
	References

	24. Immunotoxicity Biomarkers
	Introduction
	The Immune System
	Lymphoid Organs and Tissues
	Cells of the Immune System
	B Cell Lymphocytes
	T Cell Lymphocytes
	Neutrophils
	Macrophages
	Natural Killer Cells
	Mast Cells

	Soluble Mediators of Immunity
	Cytokines
	Chemokines
	Other Soluble Mediators

	Mechanisms of Immunotoxicity
	Biomarkers
	Biomarkers of Immune Status
	Cell Counts
	Organ Weight
	Histopathology
	Antibody Assays
	T-dependent Antibody Response
	Delayed-type Hypersensitivity Response
	Lymphocyte Phenotyping
	Natural Killer Cell Activity
	Phagocytosis and Chemotaxis
	Proliferation Tests
	Cytokine Profiling
	Other Soluble Mediators

	Biomarkers of Hypersensitivity
	Local Lymph Node Assay
	Human Repeat-Insult Patch Test
	Immunoglobulin E Levels

	Biomarkers of Autoimmunity
	Concluding Remarks and Future Directions
	References

	Part III: Chemical Agents, Solvents and Gases Toxicity Biomarkers

	25. Bisphenol A Biomarkers and Biomonitoring
	INTRODUCTION
	BISPHENOL A BIOMARKER ISSUES IN BIOMONITORING
	EXPOSURE AND SELECTED OUTCOME STUDIES
	LARGE GENERAL POPULATION BIOMONITORING PROGRAMS
	National Health and Nutrition Examination Survey, United States
	Canadian Health Measures Survey
	Generation R Study, The Netherlands
	Norwegian Mother and Child Cohort Study, Norway
	Other General Population Exposure Studies in Various Countries

	PREGNANT WOMEN, MOTHER–INFANT/CHILD PAIRS, INFANTS, CHILDREN
	Pregnant Women
	Mother–Infant/Child Pairs
	Children

	FOOD PACKAGING AND BISPHENOL A ALTERNATIVES
	CONCLUDING REMARKS AND FUTURE DIRECTIONS
	References

	26. Insecticides
	Introduction
	Organophosphates and Carbamates
	Mechanism of Toxicity
	Biomarkers
	Acute Toxicity
	Intermediate Syndrome
	Delayed Toxicity
	Chronic Toxicity


	Chlorinated Hydrocarbons
	Mechanism of Toxicity
	Biomarkers

	Pyrethrins and Pyrethroids
	Mechanism of Toxicity
	Biomarkers

	Amitraz
	Mechanism of Toxicity
	Biomarkers

	Neonicotinoids
	Mechanism of Toxicity
	Biomarkers

	Fipronil
	Mechanism of Toxicity
	Biomarkers

	Ivermectin and Selamectin
	Mechanism of Toxicity
	Ivermectin
	Selamectin

	Biomarkers

	Rotenone
	Mechanism of Toxicity
	Biomarkers

	Concluding Remarks and Future Directions
	References

	27. Herbicides and Fungicides
	INTRODUCTION
	BACKGROUND
	TOXICOKINETICS
	MECHANISM OF ACTION
	BIOMARKERS AND BIOMONITORING OF EXPOSURE
	Herbicides
	Phenoxy Acid Derivatives
	Triazines and Triazoles
	Phenylurea Herbicides
	Protoporphyrinogen Oxidase–Inhibiting Herbicides
	Substituted Anilines
	Bipyridyl Derivatives
	Amides and Acetamides
	Imidazolinones
	Triazolopyrimidine
	Phosphonomethyl Amino Acids or Inhibitors of Aromatic Acid Biosynthesis
	Others

	Fungicides
	Dialkyldithiocarbamates
	Anilinopyrimidines
	Chloroalkylthiodicarboximides (Phthalimides)
	Halogenated Substituted Monocyclic Aromatics


	CONCLUDING REMARKS AND FUTURE DIRECTIONS
	References

	28. Polychlorinated Biphenyls, Polybrominated Biphenyls, and Brominated Flame Retardants
	Introduction
	Polychlorinated Biphenyls
	Physicochemical Properties and Environmental Levels
	Human Health Effects and Modes of Action

	Polybrominated Biphenyls
	Physicochemical Properties
	Human Health Effects and Modes of Action

	Brominated Flame Retardants
	Physicochemical Properties
	Human Health Effects and Modes of Action

	Thyroid Hormone Disruption as a Biomarker of Exposure and Effect
	Perturbed Calcium Homeostasis and Kinase Signaling as Biomarkers of Effect
	Induction of Cytochrome P450 Enzymes as a Biomarker of Exposure and Effect
	Concluding Remarks and Future Directions
	Acknowledgments
	References

	29. Polycyclic Aromatic Hydrocarbons
	Introduction
	Biomarkers of Exposure
	Hydroxylated Metabolites
	DNA Adducts
	Protein Adducts

	Other Biomarkers of Exposure
	Biomarkers of Effect
	Genetic Alterations

	Biomarkers of Susceptibility
	Concluding Remarks and Future Directions
	Acknowledgments
	References

	30. Metals
	Introduction
	Classification of Biomarkers
	Selection of an Ideal Biomarker: Benefits and Drawbacks
	Biomonitoring of Exposure to Heavy Metals
	Lead
	Biomarkers of Exposure
	Biomarkers of Effects
	Biomarkers of Susceptibility

	Arsenic
	Biomarkers of Exposure
	Biomarkers of Effects
	Biomarkers of Susceptibility

	Mercury
	Biomarkers of Exposure
	Limitations of Biomarkers of Exposure
	Biomarkers of Effects
	Biomarkers of Susceptibility

	Cadmium
	Biomarkers of Exposure
	Biomarkers of Effects
	Biomarkers of Susceptibility

	Chromium
	Biomarkers of Exposure
	Biomarker of Effects
	Biomarkers of Susceptibility

	Thallium
	Biomarkers of Exposure
	Biomarkers of Effects
	Biomarkers of Susceptibility

	Manganese
	Biomarkers of Exposure
	Biomarkers of Effects
	Biomarkers of Susceptibility
	Concurrent Exposure of Heavy Metals

	Current Concerns and Biological Relevance
	Concluding Remarks and Future Directions
	References

	31. Melamine
	Introduction and Historical Background
	Toxicology of Melamine
	Toxicity
	Pharmacokinetics/Toxicokinetics
	Mechanism of Action
	Treatment

	Biomarkers
	Melamine+Cyanuric Acid Biomarkers
	Melamine Only Biomarkers

	Concluding Remarks and Future Directions
	References

	32. Biomarkers of Petroleum Products Toxicity
	Introduction
	Chemical Markers
	Polycyclic Aromatic Hydrocarbons
	Tissue and Body Fluid Levels of Petroleum Hydrocarbons

	Biochemical Biomarkers
	CYP Biomarkers
	Biomarkers of Responses to Oxidate Stress
	Genetic Biomarkers of Petroleum Exposure

	Morphologic Biomarkers
	Teratology

	Biomarkers in Birds
	Concluding Remarks and Future Directions
	References

	33. Biomarkers of Chemical Mixture Toxicity
	Introduction
	Potential Chemical Mixtures
	Pesticides
	Organochlorinated Compounds
	Halogenated Flame Retardants
	Polycyclic Aromatic Hydrocarbons
	Metals

	Biomonitoring for Assessing Human Exposure to Chemical Mixtures
	Biological Specimens
	Blood
	Urine
	New Matrices for Assessing Cumulative Exposure
	Milk
	Saliva
	Hair
	Meconium

	Biomolecular Adducts

	Risk Assessment of Combined Actions of Chemical Mixtures
	Biomarkers of Target Organ Toxicity of Chemical Mixtures
	Biomarkers of Liver Damage
	Kidney
	Nervous System
	Lungs

	Nonspecific Biomarkers of Toxic Response
	Oxidative Stress
	DNA Damage and Genotoxicity

	Concluding Remarks and Future Directions
	References

	34. Biomarkers of Toxic Solvents and Gases
	Introduction
	Solvents
	Gases
	Biomarkers of Toxic Solvent and Gas Exposure
	The Use of the Parent Compound as a Biomarker of Exposure
	The Use of Metabolites of Toxic Solvents or Gases as Biomarkers of Exposure
	The Use of Adducts as Biomarkers of Toxic Solvent and Gas Exposure
	The Use of Novel Biomarkers of Toxic Solvent and Gas Exposure

	Biomarkers of Effects of Toxic Solvent and Gas Exposure
	Interpretation and Use of Biomonitoring Data
	Concluding Remarks and Future Directions
	References

	Part IV: Biotoxins Biomarkers

	35. Freshwater Cyanotoxins
	Introduction
	Hepatotoxins
	Microcystins
	Introduction
	Chemistry
	Toxic Effects
	Cellular Transport
	Mechanism of Action
	Biomarkers

	Cylindrospermopsin
	Introduction
	Chemistry
	Toxic Effects
	Mechanism of Action
	Biomarkers


	Neurotoxins
	Anatoxin-a
	Introduction
	Chemistry
	Toxic Effects
	Mechanism of Action
	Biomarkers

	Anatoxin-a(s)
	Introduction
	Chemistry
	Toxic Effects
	Mechanism of Action
	Biomarkers

	Saxitoxins
	Introduction
	Chemistry
	Toxic Effects
	Mechanism of Action
	Biomarkers


	Concluding Remarks and Future Directions
	References

	36. Mycotoxins
	Introduction
	Aflatoxins
	Background
	Chemistry and Legal Regulation of Aflatoxins
	Toxicokinetics of Aflatoxins
	Aflatoxin Metabolism and Chemical Biomarkers of Aflatoxin Exposure
	Histopathological Biomarkers of Exposure to Aflatoxins

	Sterigmatocystin
	Ochratoxins
	Production and Occurrence
	Toxicokinetics and Biotransformation of Ochratoxin A
	Chemical Biomarkers of Ochratoxin A
	Histopathologic Biomarkers of Exposure to Ochratoxins A

	Fumonisins
	Chemistry of Fumonisins
	Toxicokinetics, Metabolism, and Chemical Biomarkers
	Histopathological Biomarkers

	Deoxynivalenol Trichothecene
	Toxicokinetics, Biotransformation, and Biomarkers

	Zearalenone
	Background
	Toxicokinetics, Biotransformation, and Biomarkers

	Concluding Remarks and Future Directions
	References

	37. Poisonous Plants: Biomarkers for Diagnosis
	INTRODUCTION
	ASTRAGALUS AND OXYTROPIS SPECIES (LOCOWEEDS, NITROTOXIN SPP., AND SELENIUM ACCUMULATORS)
	Locoweeds
	Toxicology
	Toxin
	Conditions of Grazing
	Biomarkers of Poisoning (AST, GGTP, White Cell Count, Cellular Vacuolation, Serum Swainsonine, α-Mannosidase)
	Prevention of Poisoning and Management Recommendations

	Nitro-Containing Astragalus (Milkvetches)
	Toxicology
	Biomarkers of Poisoning (Clinical, Pathology, History of Ingestion, Methemoglobin)
	Prevention and Treatment

	Seleniferous Astragalus
	Toxicity
	Biomarkers of Poisoning (Liver Biopsy Se, Whole Blood Se, Enzyme, Hair, Mane, Tail, Hoof Samples)
	Prevention of Poisoning


	LARKSPURS (DELPHINIUM SPP.)
	Toxicology
	Biomarkers of Poisoning (Blood Alkaloid, Liver Alkaloid, Plant Fragment, or Rumen Sample)
	Prevention and Management of Poisoning
	Grazing Management
	Drug Intervention


	LUPINES (LUPINUS SPP.)
	Toxicology
	Cattle Grazing
	Biomarkers of Poisoning (Clinical Effects, History of Ingestion, Serum Analysis, Liver, Urine, Crooked Calf Syndrome (CCS))
	Prevention, Management, and Treatment

	POISON HEMLOCK (CONIUM MACULATUM)
	Toxicology
	Biomarkers of Poisoning
	Prevention and Treatment

	WATER HEMLOCK (CICUTA SPP.)
	Toxicology
	Biomarkers of Poisoning (Blood Enzymes, CPK, AST, GGTP, Histological Lesions in the Heart, Long Muscles, Clinical Signs, Hi ...
	Prevention and Treatment

	PONDEROSA PINE NEEDLES (PINUS SPP.)
	Toxicology
	Biomarkers of Poisoning (Premature Parturition; Live-Premature Calf; Retained Fetal Membrane; Agathic or Tetrahydroagathic  ...
	Prevention and Treatment

	RAYLESS GOLDENROD (ISOCOMA PLURIFLORA)
	White Snakeroot (Eupatorium rugosum)
	Toxicology
	Biomarkers of Poisoning (Blood Enzymes, CPK, Troponin, Histology, Lesions in Heart, Long Muscles, Clinical Signs, History o ...
	Prevention and Treatment

	HALOGETON (HALOGETON GLOMERATUS)
	Toxicology
	Treatment of Poisoned Animals
	Biomarkers of Poisoning (Blood or Ocular Calcium, Oxalate Analysis of Blood, History of Ingestion
	Management to Prevent Poisoning

	PYRROLIZIDINE ALKALOID-CONTAINING PLANTS
	Toxicology
	Biomarkers of Poisoning (Liver Enzymes, AST, LDH, GGTP, Cirrhosis, Histology, Pyrrole Analysis of Liver)
	Prevention and Treatment

	PHOTOSENSITIZING PLANTS
	Toxicology
	Primary
	Secondary

	Biomarkers of Poisoning (Bilirubin, Liver Enzymes, Skin Biopsies, History of Ingestion)
	Prevention and Treatment

	DEATH CAMAS
	Toxicity of Death Camas to Livestock
	Biomarkers of Poisoning (Alkaloid Analysis of Serum, Liver, Pathology, History of Ingestion)
	Management and Prevention

	KNAPWEEDS: CENTAUREA SPP.
	Toxicology
	Clinical Signs
	Biomarkers of Poisoning (History of Ingestion, Pathology Brain Lesions, Horses Only)
	Prevention and Treatment

	CONCLUDING REMARKS AND FUTURE DIRECTIONS
	References

	Part V: Pharmaceuticals and Nutraceuticals Biomarkers

	38. Biomarkers of Drug Toxicity and Safety Evaluation
	Introduction
	Clinical Drug Development
	Application of Biomarkers in Postmarketing

	Integration and Use of Safety Biomarkers in Drug Development
	Application of Safety Biomarkers in Different Phases of Drug Development

	Traditional Indicator for Drug Toxicity Assessment
	Alkaline Phosphatase
	Creatine Kinase
	Aminotransferases
	Lactate Dehydrogenase
	Bilirubin
	Creatinine and Blood Urea Nitrogen
	Plasma Proteins
	Total Protein
	Gamma-Glutamyltranspeptidase
	Hydroxybutyrate Dehydrogenase
	Lactate Dehydrogenase
	Sodium, Potassium, and Chloride
	Urinalysis

	Biomarkers of Drug Liver Toxicity
	Biomarker for Monitoring Liver Injury
	Alanine Aminotransferase and Its Two Isoforms
	Glutamate Dehydrogenase
	Serum F Protein
	Arginase-I

	New Biomarkers for Monitoring Liver Injury
	Alpha-Glutathione S-transferase
	Gamma-Glutamyl Transpeptidase
	Sorbitol Dehydrogenase
	Purine Nucleotide Phosphorylase
	Malate Dehydrogenase
	Paraoxonase-1

	Biomarkers in Acetaminophen Hepatotoxicity
	High Mobility Group Protein B1
	Caspase-Cleaved K18
	Glutathione S-Transferase Alpha
	Malate Dehydrogenase
	Cytochrome c

	Biomarkers for Drug-Induced Liver Injury in Tuberculosis–Human Immunodeficiency Virus–Infected Patients

	Biomarker of Drug-Induced Kidney Toxicity
	Urinary β2-Microglobulin

	Biomarkers of Drug-Induced Vascular Injury
	Biomarkers for Monitoring Drug-Induced Vascular Injury

	Biomarkers of Drug-Induced Cardiac Injury
	Monoclonal Antibodies
	Troponins
	B-type Natriuretic Protein
	Circulating Micro-RNAs

	Biomarkers of Drug-Induced Brain Injury
	Biomarkers in Drug Safety Evaluation
	Importance of Understanding Specific Mechanisms of Toxicity in Drug Development
	Biomarkers in Drug Safety Evaluation
	Safety Biomarkers for Preclinical and/or Clinical Perspectives
	Kidney
	Kidney Injury Molecule-1
	β2-Microglobulin
	Cystatin C
	Clusterin
	Trefoil Factor 3

	Other Kidney Biomarkers
	Lipocalin-2
	N-Acetyl-β-d-Glucosaminidase
	Interleukin-18
	Matrix Metalloproteinase-9
	Netrin-1
	Monocyte Chemotactic Peptide-1

	Liver
	Heart
	α2-Macroglobulin

	Ultrasound
	Others Novel Biomarkers
	C-Reactive Protein
	Galectin-3
	Matrix Metalloproteinases
	Tissue Inhibitors of Metalloproteinases

	Lung
	Lipid/Carbohydrate Metabolism
	Central Nervous System
	Genetic and Genomic Biomarkers
	Biomarker Validation and Qualification
	Identification of Safety Biomarkers
	Preclinical Qualification
	Clinical Qualification and Diagnostic Use
	Translational Safety Biomarker

	Concluding Remarks and Future Directions
	References

	39. Risk Assessment, Regulation, and the Role of Biomarkers for the Evaluation of Dietary Ingredients Present in Dietary Supple ...
	Introduction
	Overview of Regulation of Dietary Supplements in the United States
	Federal Food, Drug, and Cosmetic Act
	Regulatory Challenges
	Dietary Ingredient Safety
	The Risk Assessment
	Hazard Identification
	Hazard Characterization
	Exposure Assessment
	Risk Characterization

	Biomarkers of Toxicity: Dietary Ingredients
	Biomarkers Associated with the Presence of Banned Ingredients
	Banned Dietary Ingredients Causing Neurostimulation—Ephedrine Alkaloids
	Banned Dietary Ingredients Causing Neurosuppression—Mitragyna speciosa (Kratom)

	Biomarkers Associated with the Presence of Endocrine Disruptors
	Dessicated Thyroid Glandulars

	Biomarkers Associated With the Presence of Carcinogens
	Aristolochic Acid

	Pyrrolizidine Alkaloids—Symphytum Spp. (Common Name, Comfrey)

	Biomarkers of Toxicity: New Dietary Ingredients
	Premarket Notification of a New Dietary Ingredient
	Premarket Notification for New Dietary Supplement as Enhancers of Metabolism, Energy, and Weight Loss
	Usnic Acid


	Biomarkers of Toxicity: New Dietary Ingredients
	Active Moiety of a New Dietary Ingredient
	Red Yeast Rice—Monacolin K and Statin Activity


	Biomarkers of Toxicity: New Dietary Ingredients
	Safety Assessment of Multiple Dietary Ingredients in a Dietary Supplement
	New Dietary Ingredients (Supplementation with Multiple, Combinations of Dietary Ingredients) Rauwolfia and Yohimbe Bark Extract
	New Dietary Ingredients (Supplementation with Multiple, Combinations of Dietary Ingredients)—Galantamine and Huperzine A (C ...

	Concluding Remarks and Future Directions
	References

	40. Nutriphenomics in Rodent Models: Impact of Dietary Choices on Toxicological Biomarkers
	Introduction
	Dietary Choices
	Grain-Based Diets
	Purified Diets

	Diet-Induced Metabolic Disorders
	High-Fat Diets for Diet-Induced Obesity Models
	Diet-Induced Atherosclerosis/Hypercholesterolemia Models
	Mice and Rats
	Hamsters
	Guinea Pigs

	High-Fructose/Sucrose Diets for Hypertriglyceridemia and Insulin Resistance
	Nonalcoholic Fatty Liver Disease
	Diets High in Sodium (and Fructose) for Hypertension
	Metabolic Disease Development and the Importance of Fiber Type
	Know Your Control Diet

	Potential Effects of Grain-Based Diets and Low-Fat Purified Diets on the Rodent Phenotype
	Grain-Based Diets
	Phytoestrogens and Development/Maturation
	Phytoestrogens and Cancer
	Arsenic and Heavy Metals
	Other Compounds or Contaminants

	Purified Low-Fat Diets and Health Status of Rodents
	Kidney Calcinosis
	Pubertal Onset
	Metabolic Effects



	Concluding Remarks and Future Directions
	References

	Part VI: Nanomaterials and Radiation

	41. Engineered Nanomaterials: Biomarkers of Exposure and Effect
	Introduction and Background
	Classification and Characteristics of Nanomaterials
	Carbon-Based Nanoparticles: Fullerenes
	Inorganic Nanoparticles
	Organic Nanoparticles
	Toxicity Testing of Nanomaterials

	Definition and Meaning of Biological Monitoring and Its Application to Engineered Nanomaterials
	Challenges of the Development of Biomarkers of Exposure to Engineered Nanomaterials Due to Their Biokinetics

	Biological Interactions Relevant to Biomarkers of Exposure to Engineered Nanomaterials at Molecular, Cellular, and Organ Level
	Examples of Given Biomarkers
	Biomarkers of Exposure
	Biomarkers of Effect
	Biomarkers of Lung Inflammation and Systemic Effects
	Biomarkers of Oxidative DNA Damage and RNA Methylation
	Toward Specific Biomarkers for Engineered Nanomaterials Exposure

	Concluding Remarks and Future Directions
	Acknowledgments
	References

	42. Biomarkers of Exposure and Responses to Ionizing Radiation
	INTRODUCTION
	KEY DEFINITIONS AND UNITS
	RADIATION PROTECTION SYSTEM
	SOURCES OF RADIATION EXPOSURE
	HISTORICAL PERSPECTIVE
	Personal Experience

	BIOMONITORING OF EXPOSURE TO RADIATION
	Radiation-Attributable Disease
	Late-Occurring Health Effects Attributable to Radiation Exposure

	PATH FORWARD
	Dedication and Acknowledgments
	References

	Part VII: Carcinogens Biomonitoring and Cancer Biomarkers

	43. Biomonitoring Exposures to Carcinogens
	Introduction
	Assessing Exposures
	Chemicals and Metabolites
	DNA and Protein Adducts

	Assessing Effects
	Chromosomal Aberrations and Sister Chromatid Exchanges
	Micronuclei
	Comet Assay
	Specific Gene Mutations
	Telomere Shortening
	Epigenetic Changes

	Assessing Susceptibility
	New Scenarios to Assess Exposures and Effects: The Omics Approach
	Adductomic
	Transcriptomics
	Epigenomic
	Metabolomic

	Concluding Remarks and Future Directions
	References

	44. Genotoxicity Biomarkers: Molecular Basis of Genetic Variability and Susceptibility
	Introduction
	Genotoxic Biomarker Detection Methods
	In Silico Approaches

	In Vitro and In Vivo Biomarkers of Genotoxicity
	Gene Mutations in Prokaryotes
	Micronucleus Formation
	Chromosomal Aberrations
	Comet Formation
	Toxicogenomic Signatures
	Other Genotoxic Biomarker Detection Methods

	Biomarkers and Mechanism of Action
	Gene Mutations and Their Mechanism of Action
	Chromosomal Aberrations and Their Mechanisms of Action

	Molecular Basis of Genetic Variability and Susceptibility
	Genetic Variability
	Susceptibility

	Concluding Remarks and Future Directions
	References

	45. Epigenetic Biomarkers in Toxicology
	Introduction
	DNA Methylation
	Pathways of DNA Methylation
	DNA Methyltransferases
	Transcriptional Repression and DNA Methyl-Binding Proteins

	Histone Modifications
	Histone Acetylation
	Histone Methylation
	Histone Phosphorylation
	Histone Ubiquitination and Sumoylation

	Polycomb and Trithorax Proteins
	Noncoding RNA
	Epigenetics and Disease
	Abnormalities of DNA Methylation
	Abnormalities in Histone Modifications
	Epigenetics and Cancer
	Epigenetics and Autoimmune Disease
	Systemic Lupus Erythemosus
	Type 1 Diabetes Mellitus

	Epigenetics and Metabolic Syndrome

	Concluding Remarks and Future Directions
	References

	46. Risk Factors as Biomarkers of Susceptibility in Breast Cancer
	Introduction
	Epidemiology
	Pathology
	Risk Factors
	Life Stage–Related Risks
	Gestation and Development of the Fetus
	Puberty
	Pregnancy
	Lactation and Breastfeeding

	Family History
	Genetic Modifications
	History of Benign Conditions

	Prognostic Factors
	Detection and Screening
	Tumor Marker Analysis
	Testing for Genetic and Molecular Changes

	Syndromes Predisposing to Breast Cancer
	Hereditary Breast and Ovarian Syndrome

	High Penetrance Genes Predisposing to Breast Cancer
	Therapeutic Implications of Genetic Biomarkers
	Other Highly Penetrant Breast Cancer Predisposing Genes
	Moderate Penetrance Breast Cancer Genes
	Low Penetrance Breast Cancer Polygenes
	DNA Methylation, Definitions, and Measurement Methods

	Impact of Methylation Biomarkers
	DNA Methylation Markers and Primary Prevention
	DNA Methylation Markers for Secondary Prevention and Early Detection
	DNA Methylation Markers and Tertiary Prevention and Role in Prognosis

	Male Breast Cancer Susceptibility Factors
	Epidemiology
	Pathology
	Risk Factors
	Cancer Aggressiveness Risk Factors
	Impact of Cancer Aggressiveness Risk Factors for Patient Management and Health Policies

	References

	47. Pancreatic and Ovarian Cancer Biomarkers
	Introduction
	Currently Used Clinical Biomarkers
	Cancer Antigen 19-9 in Pancreatic Cancer
	Cancer Antigen-125 in Ovarian Cancer

	Diagnostic Biomarkers
	Pancreatic Cancer
	Ovarian Cancer
	Biomarkers in the Evaluation of a Pelvic Mass

	Prognostic Biomarkers
	Pancreatic Cancer
	Ovarian Cancer

	Predictive Biomarkers
	Pancreatic Cancer
	Ovarian Cancer

	Concluding Remarks and Future Directions
	References

	48. Prostate Cancer Biomarkers
	Introduction
	Screening and Early Detection for Prostate Cancer
	Contemporary Clinical Biomarkers in Prostate Cancer
	Prostate-Specific Antigen
	Additional Serum Testing
	Prostate Cancer Antigen 3

	Candidate Biomarkers for Prostate Cancer
	ConfirmMDx Test
	Cell Cycle Progression Signature Test
	Oncotype DX Test
	Transmembrane Protease Serine 2-Erythroblast Transformation Specific–Related Gene Fusion Rearrangement
	Glutathione S-transferase P1
	α-Methylacyl Coenzyme A Racemase
	Chromogranin A
	Prostate-Specific Membrane Antigen
	Prostate Stem Cell Antigen
	Early Prostate Cancer Antigen
	B7-H3
	Sarcosine
	Caveolin-1
	Serum Calcium
	Hypermethylation of PDZ, LIM Domain Protein 4 Gene, and PDLIM5
	Exosomes
	Ki-67
	Golgi Phosphoprotein 2 and 3
	DAB2 Interacting Protein
	Other Emerging Prostate Cancer Biomarkers

	Concluding Remarks and Future Directions
	References

	Part VIII: Disease Biomarkers

	49. Biomarkers of Alzheimer's Disease
	Introduction
	Genetic Risk Factors for Alzheimer's Disease
	Mechanisms of Synaptic Dysfunction and Neuronal Loss
	Long-Term Potentiation Impairments and Excitotoxicity Through Glutamatergic Dysfunction
	Posttranslational Modifications of Tau Cause Aggregation and Synaptic Starving

	Biomarkers
	Prognostic Biomarkers
	Decreased Cerebrospinal Fluid Aβ42
	Increased Positron Emission Tomography Amyloid Imaging
	Elevated Cerebrospinal Fluid Total-Tau and Phospho-Tau
	Elevated Cerebrospinal Fluid p-tau:Aβ42 Ratio
	MicroRNA Biomarkers

	Diagnostic Biomarkers
	Brain Atrophy
	18F-2-Deoxy-2-Fluoro-d-Glucose Positron Emission Tomography
	Single-Photon Emission Computed Tomography Perfusion Imaging
	F2-Isoprostanes


	Concluding Remarks and Future Directions
	References

	50. Biomarkers of Parkinson's Disease
	Abbreviations
	Introduction
	Genetic Biomarkers
	α-Synuclein
	LRRK2
	Parkin
	PINK1
	DJ-1

	Biochemical Markers
	α-Synuclein and Abnormal Protein Accumulations
	Mitochondrial Dysfunction and Oxidative Stress Markers
	DJ-1
	Urate
	8-OHG and 8-OHdG

	Neuroinflammation Markers
	Apoptosis Markers

	Neuroimaging Markers
	Concluding Remarks and Future Directions
	Acknowledgments
	References

	51. Biomarkers for Drugs of Abuse and Neuropsychiatric Disorders: Models and Mechanisms
	Introduction
	Drugs of Abuse
	Neuronal Basis of Drug Dependence
	Neurotoxicity of Psychostimulants

	Amphetamine
	Oxidative Stress Due to High Dopamine Content in Methamphetamine-Induced Neurotoxicity
	Fos B Transcription Factor Is Responsible for the Synaptic Modification Following Meth Abuse
	Meth Neurotoxicity Involving DNA Damage
	Meth Excitotoxicity Is Mediated by Glutamate Release and Activation of Glutamate Receptors
	Meth Neurotoxicity Is the Result of Blood–Brain Barrier Dysfunction and Hyperthermia
	Mitochondrial and Endoplasmic Reticulum–Dependent Death Pathway in Meth-Induced Apoptosis
	Neuroinflammatory Mechanism in Meth-Induced Neurotoxicity

	Cocaine
	Epigenetic Regulation (ΔFos-B and Cyclic Adenosine Monophosphate Response Element Binding Protein) in Cocaine-Induced Neuro ...
	Cocaine-Induced Changes in Synaptic Plasticity Is Mediated Through Brain-Derived Neurotrophic Factor

	Opioids
	Opioid Actions Are Orchestrated Through Inhibitory G Protein (Gi/Go)
	Intracellular Targets of Opioid Activation: cAMP, Ca2+, MAPK, CREB, AP-1 Transcription Factors
	Neurotoxic Effects of Opioids Linked with Oxidative Stress, Mitochondrial Dysfunction, and Apoptosis
	Cognitive Deficits During Opioid Addiction Are Due to Inhibition of Neurogenesis

	Cannabinoids/Marijuana
	Cannabinoid Signaling Is Mediated by Cannabinoid Receptors and Endocannabinoids
	Endogenous Cannabinoid Ligand Interaction With Cannabinoid Type 1 Receptor Regulates Expression of Genes Involved in Long-T ...

	Alcohol
	Modulation of γ-Aminobutyric Acid Type A and N-Methyl-d-aspartate Receptors by Ethanol Contributes to Anxiety, Arousal, and ...
	Astrocytes Are the Main Site of Ethanol-Induced Oxidative Stress and Neurotoxicity
	Generation of Proinflammatory Molecules Activates Mitogen-Activated Protein Kinase Signaling by Ethanol
	Abused Substances and Neuropsychiatric Disorders

	Schizophrenia
	Bipolar Disorder/Mood Disorder
	Anxiety Disorders

	Animal Models in Neuropsychiatry
	Animal Models of Depression
	Animal Models of Anxiety
	Animal Models of Schizophrenia

	Biomarkers of Bipolar Disorder and Schizophrenia
	Biomarkers of Schizophrenia
	Concluding Remarks and Future Directions
	References

	52. Osteoarthritis Biomarkers
	Abbreviations
	INTRODUCTION
	PATHOPHYSIOLOGY AND SIGNALING PATHWAYS IN OSTEOARTHRITIS
	CLASSIFICATION OF OSTEOARTHRITIS BIOMARKERS
	BIOMARKERS OF COMFORT, MOBILITY, FUNCTION, AND INFLAMMATION AND PAIN
	Humans
	Animals
	Observation of Ortolani and Cranial Tibial Drawer Examination


	OSTEOARTHRITIS BIOMARKERS IN SERUM, SYNOVIAL FLUID, AND URINE
	Biomarkers of Inflammation
	Cytokines/Adipocytokines, Chemokines, and Neuropeptides
	Prostaglandin E2 and EP4 Receptor
	Fractalkine
	Erythrocyte Sedimentation Rate

	Biomarkers of Osteoarthritis Progression and Cartilage Degeneration
	Cartilage Oligomeric Matrix Protein (COMP)
	Matrix Metalloproteinases (MMPs)
	Hyaluronan
	Lubricin
	Follistatin-Like Protein 1 (FSTL 1)
	Ghrelin
	TSG-6

	Cartilage Damage and Imaging Biomarkers
	Newly Identified Biomarkers
	DNA-Methylation and MicroRNAs (miR)

	CORRELATION OF CIRCULATORY BIOMARKERS WITH RADIOGRAPHIC/IMAGING BIOMARKERS AND SYMPTOMS OF OSTEOARTHRITIS
	CONCLUDING REMARKS AND FUTURE DIRECTIONS
	Acknowledgments
	References

	53. Pathological Biomarkers in Toxicology
	Introduction
	Diagnostic Pathology
	Enzootic Hematuria
	Cyclopia
	Taxus (Yew) Poisoning
	Ergotism
	Morphologic (Gross and Microscopic) and Clinical Pathology
	Solar Injuries
	Skin Photosensitization
	Skin Neoplasia
	Iatrogenic Acromegaly in Dogs
	Endocrine Alopecia
	Alopecia and Inhibition of Hair Growth (Mimosine Toxicity)
	Acute Bovine Pulmonary Edema and Emphysema
	Toxic Myopathy—Ionophore Toxic Syndrome
	Drug-Eluting Stents

	Hepatopathies
	Glycogen Hepatopathy
	Hepatotoxicity Secondary to Enzyme Induction
	Peroxisome Proliferator-Activated Receptor Hepatopathy (Characteristic Lesion by Light and Electron Microscopy) in Rodents
	Iron Toxicosis
	Copper Poisoning in Sheep

	Nephropathies
	Polycystic Kidney Disease in Rats
	Alpha 2-Microglobulin Nephropathy
	Tubulointerstitial Nephritis
	Ethylene Glycol (Oxalate) Poisoning
	Melamine Poisoning
	Lead Toxicity
	Nephrotoxicity and Acute Renal Injury
	Polioencephalomalacia
	Sodium Chloride Toxicity
	Nigropallidal Encephalomalacia in Horses
	Phospholipidosis

	Concluding Remarks and Future Directions
	References

	54. Oral Pathology Biomarkers
	Introduction
	Anatomical and Histological Considerations of the Oral Cavity
	Teeth

	Histology of Oral Mucosa
	Oral Physiology and Pharmacodynamics
	Biomarkers in the Oral Cavity
	Common Drugs and Toxicants showing Oral Manifestations
	Select Diseases of the Oral Cavity
	Oral Biomarkers of Exposure and Effects of Select Drugs/Toxicants
	Tetracycline/Minocycline
	Mercury and Silver
	Lead


	Biomarkers of Select Diseases
	Periodontal Disease
	Immunologically Mediated Oral Diseases
	Pemphigus
	Pemphigoid
	Oral Lichen Planus
	Oral Squamous Cell Carcinoma
	Saliva: A Hidden Plethora of Biomarkers
	Concluding Remarks and Future Directions
	References

	Part IX: Special Topics

	55. Biomarkers of Mitochondrial Dysfunction and Toxicity
	Introduction
	Mitochondrial Function: General Overview
	Mitochondrial Toxicity
	Xenobiotics and Mitochondrial Dysfunction
	Mitochondria and Disease
	Mitochondrial Dysfunction in Diabetes
	Mitochondrial Dysfunction in Ischemia/Reperfusion
	Mitochondrial Dysfunction in Cancer
	Concluding Remarks and Future Directions
	References

	56. Biomarkers of Blood–Brain Barrier Dysfunction
	Introduction
	Structure and Function of Brain Barriers
	In Vivo and In Vitro Models to Study the Blood–Brain Barrier
	In Vivo Model
	In Vitro Models

	Toxicants Affecting the Central Nervous System Barriers
	Metals
	Aluminum
	Copper and Iron
	Lead
	Manganese
	Mercury
	Zinc


	Pesticides
	Organophosphates
	Organochlorines and Pyrethrins/Pyrethroids
	Rotenone

	Herbicides
	Mycotoxins
	Drugs of Abuse and Therapeutic Drugs
	Methamphetamine
	Cocaine
	Alcohol/Ethanol

	Neurodegenerative Diseases and Other Conditions
	Neurodegenerative Diseases
	Epilepsy
	HIV Infection



	Concluding Remarks and Future Directions
	Acknowledgments
	References

	57. Biomarkers of Oxidative/Nitrosative Stress and Neurotoxicity
	Introduction
	Lipid Peroxidation and Markers of Oxidative Stress
	Prostaglandin-Like Compounds as In Vivo Markers of Oxidative Stress
	Aldehydes as Lipid Peroxidation Products
	Reactivity of Lipid Peroxidation Products
	Excitotoxicity and Oxidative Damage
	Neuroinflammation and Oxidative Injury
	Metal Toxicity and Oxidative Injury
	Manganese
	Mercury
	Concluding Remarks and Future Directions
	References

	58. Cytoskeletal Disruption as a Biomarker of Developmental Neurotoxicity
	Introduction
	Microtubules
	Effects of Organophosphorus Esters on Microtubules
	Effects of Heavy Metals on Microtubules
	Effects of Organic Solvents and Polybrominated Diphenyl Ethers on Microtubules

	Microfilaments
	Effects of Organophosphorus Esters on Microfilaments
	Effects of Heavy Metals on Microfilaments
	Effects of Organic Solvents and Polybrominated Diphenyl Ethers on Microfilaments

	Intermediate Filaments
	Effects of Organophosphorus Esters on Intermediate Filaments
	Effects of Heavy Metals on Intermediate Filaments
	Effects of Organic Solvents and Polybrominated Diphenyl Ethers on Intermediate Filaments

	Concluding Remarks and Future Directions
	References

	59. MicroRNA Expression as an Indicator of Tissue Toxicity and a Biomarker in Disease and Drug-Induced Toxicological Evaluation
	Introduction
	Regulatory Mechanisms of miRNA Biogenesis
	Standard Toxicity Measurements (Tissue and Circulating Biomarkers)
	Toxicology
	Clinical Pathology
	Overview

	Hematology
	Clinical Chemistry
	Urinalysis
	Coagulation Tests
	Anatomic Pathology
	Nomenclature
	Database
	Sample Preparation
	Kinetics and Pharmacokinetics/Pharmacodynamics
	MiRNA Biomarkers of Toxicity in Organ Systems
	Esophagus
	miRNAs as Biomarkers of Pancreatic Toxicity
	Liver
	Heart
	Kidney
	Brain
	Environmental Exposure and miRNA
	Role of miRNA in Arsenic-Induced Carcinogenesis
	Concluding Remarks and Future Directions
	References

	60. Citrulline: Pharmacological Perspectives and Role as a Biomarker in Diseases and Toxicities
	List of Abbreviations
	Introduction
	Citrulline or Arginine Supplementation
	Salient Aspects of Nitric Oxide
	Biochemical Aspects
	Pharmacokinetics and Pharmacodynamics of Citrulline
	Pharmacodynamics of Citrulline
	Citrulline in Sickle Cell Anemia
	Citrulline and Cardiovascular Effects
	Citrulline in Hypertension
	Citrulline in Diabetes
	Citrulline as Immunomodulator
	Citrulline Therapy May Decrease Severity of Sepsis
	Citrulline in Arginase-Associated T-Cell Dysfunction
	Citrulline: Role in Dementia of Alzheimer's Disease and in Multi-Infarct Dementia
	Citrulline: Can It Improve Aerobic Function/Energy Production?
	Citrulline for Urea Cycle Disorders
	Citrulline for Acceleration of Wound Healing
	Citrulline in Intestinal Pathology
	Citrulline: Effects of Amino Acids on Hair Strength
	Citrulline's Effect on Protein Synthesis
	Citrulline as a Biomarker in Diseases
	Citrulline as a Biomarker in Intestinal Disease
	Citrulline as a Biomarker in Celiac Disease
	Citrulline: Is It a Reliable Biomarker in Critically Ill Patients?
	Citrulline as a Biomarker to Identify Patients at High Risk of Developing a Catheter-Related Bloodstream Infection
	Citrulline as a Biomarker for Gastrointestinal Tolerance to Enteral Feeding
	Anticyclic Citrullinated Peptide Antibodies: A Novel Biomarker of Rheumatoid Arthritis
	Citrulline as a Biomarker in Periodontitis for Presymptomatic Rheumatoid Arthritis?
	Citrulline as a Biomarker in Rheumatoid Arthritis in Patients With Active Tuberculosis
	Conditions in Which Citrulline May Prove to Be a Biomarker in the Future
	Conditions Detected by Anticyclic Citrullinated Peptide
	Citrulline as a Biomarker for Brucellosis Presenting With Peripheral Arthritis
	Citrulline as a Biomarker for Sjögren's Syndrome

	Conditions Detected by Citrulline Levels
	Citrulline as a Biomarker in Transplants
	Citrulline as a Biomarker in Acute Respiratory Distress Syndrome
	Citrulline as a Biomarker in Polycystic Ovary Syndrome
	Citrulline as a Biomarker in Acute Kidney Injury

	Homocitrulline as a Biomarker for Renal Failure
	Citrulline as a Biomarker in Critically Ill Patients and Correlation With Severity of Inflammation
	Citrulline as a Biomarker in Intrauterine Growth Retardation
	Citrulline as a Biomarker of Congenital Anomalies
	Citrulline as a Biomarker for OAT Deficiency in Early Infancy
	Citrulline as a Biomarker in Citrin Deficiency

	Citrulline as a Biomarker in Toxicities
	Citrulline as a Biomarker of Kainic Acid–Induced Neurotoxicity
	Citrulline as a Biomarker of Anticholinesterase Poisoning
	Citrulline as a Biomarker of Ammonia Toxicity?



	Concluding Remarks and Future Directions
	References

	Part X: Applications of Biomarkers in Toxicology

	61. Analysis of Toxin- and Toxicant-Induced Biomarker Signatures Using Microarrays
	Biomarkers and Biomarker Signatures in Disease: a Variety of Marker Classes and Possible Inferences
	Selecting Sample Sources for the Measurement of Biomarkers
	Individual Biomarkers and Aggregated Biomarker Signatures
	Approaches to Biomarker Signature Characterization
	Multiplexed High Content Solid Phase Immunoassays
	Flow Cytometry and Fluorescence-Activated Cell Sorting
	Immunohistochemistry and Tissue Microarrays
	Mass Spectrometry Analysis
	Grating-coupled Surface Plasmon Resonance Microarray Analysis
	Biomarker Signatures in the -Omics era
	Genomic and Transcriptomic Analyses
	Proteomics
	Metabolomics
	Lipidomics
	Genotype–Phenotype Associations
	Data Analysis Considerations

	Concluding Remarks and Future Directions
	Acknowledgments
	Conflict of Interest Declaration
	References

	62. Biomarkers Detection for Toxicity Testing Using Metabolomics
	Introduction to Metabolomics
	Metabolomics Experimental Overview
	Study Design and Planning
	Sample Collection and Quenching
	Sample Preparation
	Instrumental Analysis
	Raw Data Processing
	Statistical Analysis of Processed Data
	Identification of Putative Biomarkers
	Biomarker Validation
	Metabolomics Experimental Overview Conclusions

	Applications of Metabolomics Biomarkers in Toxicity Testing
	Metabolomics in Toxicology Consortia
	Metabolomics Biomarkers in Hepatotoxicity
	Metabolomics Biomarkers in Renal Toxicity
	Metabolomics Biomarkers of Toxicity From Chemical Agents
	Metabolomics Biomarkers in Neurotoxicity
	Metabolomics Biomarkers of Biotoxins
	Metabolomics Biomarkers of Nanomaterials
	Metabolomics Biomarkers of Drugs of Abuse

	Concluding Remarks and Future Directions
	References

	63. Transcriptomic Biomarkers in Safety and Risk Assessment of Chemicals
	Introduction
	Transcriptomics
	Transcriptomic Methods
	Types of Transcriptomic Biomarkers

	Transcriptomics in Biomarker Discovery
	Cardiovascular Biomarkers
	Hepatic Biomarkers
	Biomarkers of Anabolic Agents
	Infectious Agents and Sepsis
	Tobacco and Risk Continuum
	Environmental Chemical Risk Assessment

	Concluding Remarks and Future Directions
	References

	64. Percellome Toxicogenomics Project as a Source of Biomarkers of Chemical Toxicity
	Introduction
	Materials and methods for Percellome Data Generation and example studies
	Experimental animals and dose setting
	Microarray data generation

	Comprehensive Selection of Responding mRNAs
	Estragole Study
	Pentachlorophenol Study
	Merging of TGP Data to Percellome Database
	New Repeated Dosing Study
	Results and Discussion
	Estragole Study
	PCP Study
	Merging the TGP Data to Percellome Database
	New Repeated Dosing Study

	Concluding Remarks and Future Directions
	Acknowledgments
	References

	65. Proteomics in Biomarkers of Chemical Toxicity
	Introduction
	Heavy Metals
	Arsenic
	Cadmium
	Chromium (VI)
	Lead
	Mercury

	Pesticides and Herbicides
	Methyl Parathion
	Diazinon
	Paraquat
	Glyphosate

	Organic Pollutants
	Benzo(a)pyrene
	2,3,7,8-Tetrachlorodibenzo-p-Dioxin

	Concluding Remarks and Future Directions
	References

	66. Biomarkers for Testing Toxicity and Monitoring Exposure to Xenobiotics
	Introduction
	Requirements Expected in a Biomarker for Toxicology Testing and Biomonitoring Xenobiotics Exposure
	Biological Samples Used for Biomonitoring Exposure Through Biomarkers
	Biomarkers of Exposure for Monitoring Xenobiotics Exposure
	Adducts: A Relevant Case of Biomarkers of Exposure

	Biomarkers of Effect for Toxicology Testing
	Molecular Biomarkers for In Vitro Testing Toxicity

	Concluding Remarks and Future Directions
	References

	67. Biomarkers in Epidemiology, Risk Assessment and Regulatory Toxicology
	Introduction
	Biomarkers
	New Advances in Biomonitoring, Exposure Science, Toxicology, Risk Assessment, and Decision-Making

	Biomarkers of Exposure
	Methylmercury
	Biomarkers of Effect
	Cholinesterase Inhibition
	Selenium
	Biomarkers of Susceptibility
	Cancer-Related Biomarkers
	Formaldehyde
	Concluding Remarks and Future Directions
	References

	Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Back Cover

