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Introduction
Welcome to Taylor & Francis?s ?Free Book?, highlighting five of their new books published during
2020/ 2021.As we are all well aware, the COVID-19 pandemic has affected the conduct of many
scientific/ research endeavors across the world.Scientific publishing has not been immune to the
effects of the pandemic, and things have yet to return to normal in terms of the publicizing, support,
and sales of the volumes that have been finished in the last year or so.In order to get the books out
to those who could benefit from them, a free sampler has been put together, containing single
chapters from each of five books that have been recently published from the Taylor & Francis
Veterinary Medicine portfolio:

-

Behavioral Biology of Laboratory Animals, edited by K. Coleman and S.J. Schapiro (2021)
Handbook of Laboratory Animal Science: Essential Principles and Practices, 4 thEdition,edited by
J. Hau and S.J. Schapiro (2021)
Animal-centric Care and Management: Enhancing Refinement in Biomedical Research, edited by
D.B Sørenson, S. Cloutier, and B.N. Gaskill (2020)
Learning from Disease in Pets: A ?One Health?Model for Discovery, edited by R.A. Krimins (2020)
Anesthesia and Pain Management for Veterinary Nurses and Technicians, by T.L. Grubb, M. Albi,
S. Ensign, J. Holden, S. Meyer, and N. Valdez (2020)

One chapter from each of these five volumes has been chosen for you to read, to give you the flavor
of each book.It is hoped that reading these chapters will provide you with insights into the focus,
content, and quality of each volume, and will convince you that each of these books is a necessary
addition to your reference collection.While all of the books have different theoretical and practical
foci, there are a few common threads that run through all of the books.The first is the importance of
understanding the animals with which we work.By understanding what is affecting the animals, and
especially by understanding the ways in which the things we do with the animals affects them, we
can do a better job of caring for them.Refining the way we care for our animals can enhance what we
can learn about, and from, them.This leads to a second common theme in the books; they all address
ways to enhance how we care for our animals.While we may think that we know the best ways to
care for our animals, we can always do better; animal care is a continuing evolutionary process that
guides the development and implementation of overall animal research and management
strategies.And finally, for now, all of the books emphasize the responsibility that we have to the
animals; a responsibility that none of us takes lightly.
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Introduction
The first chapter in the Free Book is from Behavioral Biology of Laboratory Animals (BBLA). The focus
of this book is on the behavior, both natural and captive, of many animal species that are involved in
laboratory research. It is hoped that this book will provide guidance concerning animal behavior to
those working with animals, primarily in laboratory and/ or research settings, but in other captive
settings as well. There are three major sections in the book, the first aimed at describing a variety of
principles that are necessary for those studying animals in the laboratory, whether the research
focuses on behavior or on many other types of research questions and dependent measures
(physiology, disease, neuroscience, etc.). The second section, organized by taxonomic groups (from
mice to baboons), describes relevant behavioral systems, characteristics, and parameters of the
target animals, again both in nature and in captivity. All of the chapters in Part 2 conform to a fairly
standard chapter outline, allowing for straightforward comparisons among the different taxonomic
groups. The final section in the book is devoted to providing example ethograms (lists of operational
definitions of behaviors) for many of the species described in Part 2 of BBLA.
We have chosen to include the chapter by Coleman and Novak, titled Animal Behavior, in the
Free Book. This chapter is one of the first chapters in Behavioral Biology of Laboratory Animals, and
as the title of the chapter implies, focuses on general principles involved in the observation, analysis,
and interpretation of animal behavior, establishing a foundation for many of the discussions that
occur in later chapters addressing the behavioral biology of particular taxonomic groups. There is
much that needs to be understood about the behavioral biology of the animals that participate in
research, and this chapter will introduce you to many of the basics involved in the study of animal
behavior.
The second chapter in the Free Book is from the 4th Edition of the Handbook of Laboratory Animal
Science: Essential Principles and Practices (HLAS). The 4th Edition of the HLAS, as did the previous
three editions, addresses many of the principles, practices, models, and structures that are involved
in the multidisciplinary field of Laboratory Animal Science. Like BBLA, the HLAS is divided into
several sections. The first section deals with the essential principles of Laboratory Animal Science,
the second with a variety of practices, the third with a selection of diverse discussions of animal
models (from diabetes to cancer), and the volume ends with a fourth section, addressing some of the
structures that are important to Laboratory Animal Science as a scientific discipline. It is hoped that
the 4th edition of the HLAS, weighing in at almost 3 kg, will serve as a vital resource for veterinarians,
residents, investigators, students, technicians, and animal care personnel.
We have chosen to include the chapter by Oppler and Graham, titled Animal Models for
Diabetes: Basic Principles and Management, for several reasons. First, diabetes is an ongoing and
impending human health crisis, for which animal models are exceptionally important. Oppler and
Graham are at the cutting-edge of diabetes research. Second, not only are the authors at the
cutting-edge of diabetes research, they are also at the cutting-edge of incorporating animal care
refinements into research practices. The success of their nonhuman primate-based research
program is grounded in the thoughtful, compassionate, and humane treatment of their subjects. This
includes the incorporation of refined care, management, and research practices that enhance their
subjects?well-being, and thereby the quality of the research they perform and the validity of their
findings. This chapter quite clearly addresses the two primary themes of the Free Book,
understanding our animals, and refining our treatment of them. Finally, this chapter is very
well-written, making it a pleasure to read.
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Introduction
The third chapter in the Free Book is from Animal-centric Care and Management: Enhancing
Refinement in Biomedical Research (AcCM). As the title of this book implies, it addresses issues
related to refinements to the care and management of animals in biomedical research. AcCM is more
focused on refinements to animal care than the previously mentioned BBLA, but overall, there are
many similarities and related themes between these two volumes. Although not officially divided
into Parts, as the BBLA and HLAS are, AcCM opens with a series of chapters on principles of animal
care and behavior, before moving on to chapters organized according to taxonomic groups. Every
chapter in this volume addresses the themes of understanding and caring, which link the chapters in
the Free Book as well.
We have chosen to include the chapter by Sørenson, Pedersen, and Bailey titled Animal
Training The Practical Approach. Training, defined by the authors as the modification of animal?s
behavior by the systematic and well-planned use of operant and classical conditioning techniques, is
a component of animal care and management that has become of increasing importance in the last
several decades, and is likely to continue to increase in importance in the future. This chapter
focuses on the science that drives animal training, as well as the practical details and considerations
that are necessary to successfully train animals to perform behaviors that are useful to us, as
investigators, and to the animals themselves. One key component of being a successful trainer is an
understanding of the animals with which you work. The importance of understanding animals and of
training scenarios in animal care and research strategies are consistent themes that run through the
first three chapters of the Free Book. This chapter provides much information that should be
reinforcing for you as the reader, and for the animals with which you work.
The fourth chapter in the Free Book is from Learning from Disease in Pets: A ?One Health?Model for
Discovery (LDP). Krimins and her authors show how the participation of pets, a population of animals
that expresses many spontaneous diseases that are similar to the diseases of humans, can facilitate
successful translational research in human and veterinary medicine. The participation of pets in
biomedically oriented research is not without its drawbacks (discussed in several of the chapters),
but LDP makes a strong case for the utilization of this approach, especially in endeavors focused on
cancer therapy with companion dogs as the animal model. In addition to describing the value of
veterinary clinical research, LDP provides guidance on proper techniques for conducting veterinary
clinical trials.
We have chosen to include the introductory chapter by Krimins, titled The Contribution of Pets
to Human and Veterinary Medicine, because it nicely sums up the entire book. Pets have exalted
status in many households, and most people want their pets to be healthy (and happy). Taking
advantage of, and studying, naturally occurring diseases in pets (primarily cats and dogs) can go a
long way toward improving their health, as well as the health of those who love them. Such an
approach can significantly shorten the overall cost of, and length of time that, successful therapies
take to improve pet (and human) health. Krimins provides a number of examples related to oncology
(drugs, immunotherapies, and other modalities), inflammatory bowel disease, and ophthalmology,
where research with pets has proven instrumental.
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The fifth and final chapter in the Free Book is from Anesthesia and Pain Management for Veterinary
Nurses and Technicians. Grubb and her co-authors have put together an extremely practical guide to
veterinary anesthesia and analgesia for those responsible for the hands-on care of animals. This
spiral-bound volume is loaded with extremely helpful tables and figures, and is filled with How To
sections, Tips, Clinical Tips, Important Tips, Critical Tips; Important Notes; Important Points, Key
Points, and Critical Points; and Reminders; in essence containing just about everything one needs to
know to understand anesthesia and analgesia, including preparing, monitoring, and supporting the
patient. Chapters are devoted to anesthetic drugs and equipment, and general step-by-step
procedures, as well as guidance for specific cases and for dealing with complications and
emergencies. The final two chapters focus on anesthesia for horses and pocket pets, respectively,
and the book ends with an anesthesia Check List that is certain to be of considerable utility to
veterinary nurses and technicians.
We have chosen to include the final chapter of the book, titled Anesthesia and Analgesia for
Pocket Pets, because the species covered in this chapter include many of the species addressed in
the preceding four chapters of the Free Book (and the other four books), including mice, rats, rabbits,
hamsters, guinea pigs, gerbils, and ferrets. In addition to step-by-step guidance for anesthetizing
various pocket pets, this chapter includes a ?signs of pain?table that emphasizes the importance of
understanding and recognizing the (pain) behavior of our animals. This fits nicely with the overall
themes that flow through the chapters of the Free Book. Overall, the chapter emphasizes the
importance of understanding the behavior and the biology of the animals that are being
anesthetized or treated for pain.
At this point, it is important to remind you of the common themes that run through these five
books and are particularly exemplified by the chapters chosen for inclusion in the Free Book. It is
absolutely critical that we understand the animals with which we work and that we continually strive
to improve the way we study and care for them. We have a responsibility to do the best for them
that we possibly can, and the information contained in these chapters and books helps us address
this crucial responsibility.
In summary then, you have been provided with a free sampler of five of the most recent books from
the Taylor & Francis Veterinary Medicine portfolio, in an attempt to begin to return things to normal
in the world of scientific publishing. The effects of the global pandemic are widespread (and not yet
finished) and have definitely altered the scientific enterprise, making in-person meetings more
difficult, but making virtual meetings much simpler and more commonplace. While many
opportunities still exist to disseminate information, on-line announcements and materials cannot
replace the feel of a well-written, well-edited volume in your hands at an exhibit booth at a meeting,
at your desk, or in your clinic. It is hoped that by giving you the opportunity to read some of the
content of these five volumes, a step toward normalizing scientific exchange can be taken. You are
encouraged to add these volumes to your reference collection.
Coleman, Hau, Schapiro, Sørenson, Cloutier, Gaskill, Krimins, Grubb, Albi, Ensign, Holden, Meyer, and
Valdez are thanked for their editing/ writing efforts, as are all of the authors of chapters in the books,
for taking the time and having the commitment to pass along their expertise to the scientific
community. All those involved with working with animals, many areas of science, and especially the
animals, are all better off thanks to these efforts.
Steven J. Schapiro
Bastrop, TX
July 8, 2021
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Introduction
If you were fortunate enough to have had time to take a walk in
your neighborhood today, you may have heard robins sing. Or,
perhaps you witnessed a squirrel run across a field to retrieve a
previously buried nut. You may have caught a rabbit off guard
and watched as he remained motionless before running away.
All of these behaviors, as well as others we may not notice, help
the animals survive in their world. Many bird species sing to
attract mates, squirrels hide (cache) nuts to consume later, and

rabbits freeze and/or flee to escape predation. Animals evolved
to perform specific behaviors, such as the ones listed, that help
them survive and reproduce. As such, animals have a strong
drive to engage in these behaviors, even when they are living
in other environments, such as research facilities. Even genetically altered animals maintain behavioral instincts of their wild
counterparts. In order to properly care for these animals, it is
important that we understand their behavioral biology, a point
that is emphasized in regulatory and accreditatory documents,
including the eighth edition of the Guide for the Care and Use of
Laboratory Animals (National Resource Council 2011) and the
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European Convention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Purposes, Council
of Europe (ETS 123, Appendix A).
There are several reasons why understanding the behavioral
biology of animals is important to their care. As mentioned
above, animals evolved specific behavioral repertoires that
help them survive in their natural environment. When animals
are not able to perform these behaviors, it can cause stress and
anxiety, as well as the development of undesired behavior,
which can negatively impact their welfare (see Gottlieb and
Pomerantz 2021; Novak and Meyer 2021). Knowing the behavioral biology of the animals is key to being able to provide
them the features of their environment that can best promote
these behaviors. For example, species that build nests, such
as mice, are generally provided with appropriate nest making
material. In addition, an individual’s behavior provides information about its welfare state. As you will read in this book
(e.g., Gottlieb and Pomerantz 2021), the absence of normal
behavior, as well as the presence of abnormal behavior, can
indicate pain and/or distress in animals. Thus, understanding normative behavior is key to assessing well-being. Lastly,
while we are perhaps biased, having chosen to devote our
careers to the study of animal behavior, we believe it is one of
the most fascinating scientific fields. As you read through the
chapters in this book, you will see that animals engage in some
pretty amazing behaviors.
This book examines the behavioral biology of animals that
participate in research. Each chapter in the main part of the book,
Part 2, examines how a specific animal – or group of animals –
behaves in its natural environment. What you will find, if you
read all of those chapters, is that while specifics vary, there are
a number of similarities as well. In order to survive, animals,
regardless of their size or speed, have to be able to find and process food, while simultaneously avoiding being a food source for
someone else. Most of them try to find mates and many care
for offspring. These aspects of their behavior are often interconnected and are related to the environment in which they live.
Equally important to understanding environmental factors
is understanding how animals perceive their environment.
An animal’s perceptual world, or umwelt, is closely tied to its
senses (von Uexküll 2010; Burnett 2011). Humans have five
senses, but we perceive our world largely through hearing
and vision. We hear sounds in a frequency range from about
20 Hz to 20 kHz, and see three colors (blue, green, and red).
However, this is not the same way other animals perceive their
world. Many animals hear sounds in ultrasonic ranges that we
cannot. Birds are tetrachromatic and see UV in addition to the
colors we see. A dog’s sense of smell can be over 10,000 times
as sensitive as ours and is one of the main ways in which they
perceive their environment. Bats and other animals use echolocation, a sense we do not possess. These senses are central to
an animal’s behavior; for example, they influence how animals
migrate, how they find food, and how they communicate with
one another. Therefore, understanding how animals perceive
their world is key to understanding their behavior.
As you read through the chapters in this book, it will
become clear why understanding behavioral biology is important to animal care. However, it can also be helpful to have
a basic understanding of animal behavior as an academic

Behavioral Biology of Laboratory Animals
discipline. Having some knowledge about the way in which
behavioral scientists address behavioral questions can help
guide your own observations. In addition, as with any scientific discipline, there are some terms that are common
in animal behavior that have somewhat different meanings
outside of the field. For example, people often use the terms
“territory” and “home range” interchangeably, but the former
implies active defense, while the latter does not. This distinction may not seem critically important, but it has implications
for the animal. Vervet monkeys are territorial in nature; rhesus macaques, on the other hand, maintain home ranges but
are not territorial. This seemingly subtle difference is important to those responsible for socially housing these species. A
common method of pair housing rhesus macaques involves
moving one potential partner next to the cage of the other
(Truelove et al. 2017). Because vervets are territorial in their
natural environment, this method is not recommended for
them (see Jorgensen 2021).
Our goal for this chapter is to introduce you, the reader, to
the field of animal behavior. In the first section, we describe
steps involved in studying behavior, including biologically relevant questions used by ethologists to explain and understand
behavior. We then discuss some behavioral concepts important
to the care of animals in the laboratory, which are addressed
by the authors in the taxa-specific part of the book. Clearly, a
single chapter cannot cover the entire field of animal behavior.
However, this chapter will, hopefully, provide an overview that
will help put into context the specific information presented in
the other chapters.

The Definition and Challenge
of Animal Behavior
The field of animal behavior, or ethology, broadly described, is
the study of everything that animals are observed or inferred to
do, which includes, but is not limited to, movements, foraging
activities, breeding and parental behavior, predator-prey interactions, communication, migration, learning, cognitive capabilities, and in testing situations, reactions to a variety of stimuli.
Below we describe three phases for the study of animal
behavior.

Description Phase
The study of animal behavior starts first with description, a
basic, but detailed, characterization of the behavior of a species. A number of steps are involved in this process. The first
step is to acquire knowledge about the general behavior of
the species in question. Many sources are available online to
assist in this process, including general scientific journals (e.g.,
Animal Behaviour, Institute for Laboratory Animal Welfare
Journal, Journal of Neuroscience, Applied Animal Behaviour
Science), species-specific journals (e.g., American Journal
of Primatology, Mammalogy, Journal of Ornithology), book
chapters (such as those in Part 2 of this volume), monographs,
and online video clips, as well as other reputable sources, such
as The Audubon Society, National Geographic, The Cornell
Lab of Ornithology, the National Centre for the Replacement,
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Refinement & Reduction of Animals in Research (NC3Rs),
and the National Research Council’s Guide for the Care and
Use of Laboratory Animals.
Because the above information is either in the form of written descriptions or short video clips that are selected only to
highlight some activity, the second step involves the live observation of representative members of the species. Live observation is crucial in understanding the natural ebb and flow of
behavior over time. Finally, this effort culminates in the development of an ethogram. Ethograms describe and define behaviors of interest. They can include species-typical behaviors,
as well as abnormal, idiosyncratic behaviors that may not be
displayed much in the animals’ natural habitat. Additionally,
because scientists often use apparatuses and other testing situations to assess behavior (e.g., Skinner box, open field, radial
arm maze, and Novel Object Test), it is important to add behaviors or behavioral constructs derived from these situations to
the ethogram. For example, in the open field test for rodents,
one would include not only locomotion but also proximity to
walls (to measure thigmotaxis, or preferences for walls).
Ethograms ensure that all observers are using a common
language or terminology. While many behaviors are rather
straightforward (e.g., drinking water from a water bottle), others may be open to interpretation. For example, you will read
about “motor stereotypies” in the later chapters, which are
often defined as repetitive behaviors, such as pacing and route
tracing. Operationally defining these behaviors is not always
straightforward. If you were to witness a dog walk across his
pen one time, you likely would not consider that behavior to be
pacing. On the other hand, if that same dog were to walk back
and forth, in the same pattern, 50 times, you would probably
(and rightly) call that pacing. But, what if the dog walks back
and forth twice? Would you consider that to be pacing behavior? Effective ethograms clearly define each behavior, reducing this kind of ambiguity. For example, Jorgensen (2021)
defines pacing as when an animal (a vervet monkey in this
case) walks back and forth at least three times. Many of the

chapters in Part 2 of this book contain ethograms for particular
species. Additional ethograms are presented in Part 3.

Quantification Phase
Following the development of an ethogram, careful consideration must be given to how, where, and when the behavioral
categories will be assessed and measured. Actual observations are at the heart of most behavioral research. Depending
on the circumstance, these observations may be collected
directly by the observer standing in front of the animal, or
more remotely, by an observer scoring videotapes or live web
cams. Additionally, some behaviors can be quantified through
automated systems. For example, jumping and somersaulting
in deer mice can be quantified using a photo beam array, in
which the beams are set high enough so that all four paws must
leave the ground to break the beam (Bechard and Lewis 2016).
Standard measuring units include latencies (i.e., amount of
time between a starting point and the occurrence of a particular behavior), frequencies (i.e., the number of times a behavior
occurs), and durations (i.e., the length of time).
Observations can occur in many different situations.
Normative or baseline observations often take place either in
an animal’s home cage environment or in unmanipulated freeranging populations. Laboratory animals are often studied in
response to some challenge, either using a testing arena (such as
an elevated T-maze) or in their home cage (e.g., Figure 2.1). Freeranging animals can also be tested in areas in which manipulanda are set out in the field and various capabilities assessed
(Figure 2.2; see van de Waal et al. 2013 for more details).
Because animals may be studied in social groups, issues
of how to observe multiple subjects arise. One can use focal
sampling, in which individuals are observed one at a time for
a certain amount of time (e.g., 15 min a day for several days),
and behaviors of interest are recorded. Conversely, one can use
scan sampling, in which a group of animals is observed, and
the behavior of each individual is recorded at set intervals (e.g.,

FIGURE 2.1 Example of a rhesus macaque inspecting (a) and avoiding (b) a brightly colored bird toy placed on the home cage as part of a novel
object test. (Republished by permission of Taylor and Francis Group, LLC, a division of Informa plc, from the The Handbook of Primate Behavioral
Management, S.J. Schapiro (Ed), 2017.)
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FIGURE 2.2 Example of testing in free-ranging animals. This study
(van de Waal et al. 2013) examined social learning of food preference in
wild vervet monkeys. Monkeys that immigrate into new troops adopt the
local traditions and eat food even if that food was avoided in their previous group. (Photo copyright Erica van de Waal.)

one would record the behavior of all animals in a group every
60 s for a 30 min time period). Subject sampling procedures
are determined by the research question (see Altmann 1974).
However, to be effective, observation periods must be long
enough to measure the behavior of interest, and frequent
enough across days and perhaps weeks to ensure that unforeseen or uncommon events (e.g., illness, change in care taker,
etc.) do not skew the data. For example, if someone were to
take observations of you at this moment, they would observe
you reading this book (and hopefully learning a great deal
from it!). If that were the only observation period, the observer
might come away thinking that you spend all of your time
reading this book. While we think that would be a great use of
your time, it is probably not the only thing you will do today
or this week. Thus, taking shorter, more frequent observations
over several days, as opposed to longer, less frequent observations, generally provides a more complete activity budget
of the individual. Detailed descriptions methodologies and
observational sampling techniques are beyond the scope of
this chapter; however, there are very good resources available on these topics, including Jeanne Altmann’s classic paper,
Observational study of behavior: Sampling methods (Altmann
1974) and Measuring Behavior: An Introductory Guide
(Martin and Bateson 2007).

The Explanation Phase
The field of animal behavior is not merely about description
and quantification. Another important phase is determining
why animals behave the way they do. However, developing
accurate explanations of behavior is extraordinarily complicated. Many factors contribute to the production of behavior.
In fact, the expression of behavior can be considered the ultimate end product of a complex series of interactions between
the organism and the environment.
The sources of these interactions can be divided into two
general types: internal variables (e.g., neurotransmitters,
hormones, gene expression) and external variables (e.g.,
experience, food availability, predation risk, environmental

Behavioral Biology of Laboratory Animals
complexity). Complicating the picture further is the fact that
organisms develop and change over time, which in turn can
yield changes in how they respond to these variables. Thus,
any attempt to explain behavior must take into account the
developmental stage of the organism.
Here we present two examples to illustrate the points raised
above. Meadow voles and prairie voles are closely related rodent
species within the genus, Microtus. However, whereas meadow
voles are promiscuous breeders and females almost exclusively
care for pups, many prairie voles show social monogamy, forming pair bonds with their partners and engaging in bi-parental
care of pups (see reviews, Gobrogge and Wang 2016; Rogers et
al. 2018). One question that has been considered extensively is
why male prairie voles care for pups. Although this process has
been described numerous times and various patterns of behavior
measured (e.g., time spent crouching over pups, number of pup
retrievals), the explanation of why this occurs is considerably
more challenging. Many variables contribute to paternal behavior, including internal factors, such as vasopressin and oxytocin, neuropeptides implicated in social bonding (Bamshad et al.
1994; Bosch and Young 2018; Gobrogge and Wang 2015), and
changes in gene expression (Barrett et al. 2013). Environmental
pressures include mate guarding as a means to ensure paternity
(Getz et al. 2003; Wolff et al. 2002) and changes in population
density (Getz and McGuire 2008). From a developmental perspective, the quality of paternal care is dependent, in part, on
previous experience with pups (Stone et al. 2010), allowing adolescent males to perfect basic parenting skills.
In the second example, African Thomson’s gazelles engage
in a rather startling behavior when pursued by a cheetah.
Instead of running as fast as possible in the opposite direction,
they perform an unusual behavior called stotting. The gazelles
run a short distance in the opposite direction and then paradoxically leap high in the air, run again and leap high in the air, and
continue to do this as long as the cheetah maintains its pursuit.
It is not difficult to describe this phenomenon. In fact, one can
film it and obtain various descriptive measures of average leap
height and number of leaps per unit time. The challenge is to
explain why gazelles stott. Very young gazelles do not stott,
thus there is a developmental component. Additionally, both
external variables (e.g., type of predator, whether the gazelle
is alone or in the middle of a herd) and internal variables (e.g.,
activation of neurotransmitters, increased secretion of adrenaline) play a role in explaining this behavior. However, the
interactions between these variables are not fully understood.
Furthermore, many other variables remain to be identified.

Biologically Relevant
Questions about Behavior
As demonstrated by the examples above, one of the challenges
facing behavioral scientists is that a variety of factors internal
and external to the organism contribute to the expression of
behavior. Many years ago, Niko Tinbergen, an internationally recognized ethologist, created a structure for explaining
behavior by identifying four biologically relevant questions
(Tinbergen 1963). Two of these were termed proximate questions, proximate because they depended on understanding
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behavior in individual animals at the present moment in time.
The remaining two were termed ultimate questions, because
they relied on the process of natural selection, which frequently
required many generations. While most often employed by
behavioral scientists, these questions can help guide the ways
in which we look at the behavior of the animals in our care.

Proximate Questions (Mechanism
and Development)
The first proximate question is concerned with the underlying mechanisms that explain how behavior is expressed. These
include, but are not limited to, the role of neurotransmitters,
hormones, genes, epigenetic processes, neural circuitry, etc.
The second proximate question involves an exploration of the
role of development, and focuses both on the need for critical
internal and external input as young organisms mature, as well
as on the timing of such input.

Ultimate Questions (Function
and Evolutionary History)
The first ultimate question explores the functional significance
of behavior from the standpoint of the ways in which the behavior affects reproductive success. This question also involves
a consideration of the costs and benefits of such behavior, to
explain why it persists in a population. The second question is
concerned with how the behavior may have developed within
various taxonomic groups, and involves a comparison of existing species using both morphological and molecular techniques. The output of these comparisons is a putative history
of how various species groups are related to one another and
how traits may have arisen over evolutionary time.
Each question formulated by Tinbergen can be viewed as
representing a different, but equally important, level of analysis. Traditionally, scientists focus on only one level of analysis;
e.g., behavioral ecologists look at ultimate causes for behavior, while neuroscientists typically focus on the role of neurotransmitters, etc. However, there may be significant value to
scientific creativity through awareness of findings at all interpretational levels. Similarly, interpreting behavior at multiple
levels can provide a framework for understanding why animals
in our care behave the way they do. Much of the material about
behavior presented in the chapters of this book is provided in
a functional and/or evolutionary context. Authors describe
behaviors that have been shaped by natural selection and provide information about how to promote those behaviors in the
laboratory environment. Unless you are specifically studying
the underlying neural mechanisms of behavior, you may not
think too much about the proximate mechanisms involved.
However, to really understand why animals are engaging in
behavior, it is important to consider both proximate and ultimate causes. As stated above, experience, particularly early in
life, is one proximate mechanism that underlies behavior of
animals. Early interactions with the mother can influence later
behavior of young animals of a variety of species. For example, mouse pups raised by mothers that licked and groomed
them a great deal go on to show a decreased startle response
and increased exploration in an open field compared to pups

that received less maternal licking and grooming (Caldji et al.
1998). In addition, certain drugs or scientific treatments can
affect hormones and/or neurotransmitters, which can alter
behavior. Genome editing technologies (such as CRISPR) alter
the genetic code and may have unexpected downstream behavioral effects. As an example, Qiu et al. (2019) used CRISPR/
Cas9 editing to knock out a gene involved in circadian rhythm,
BMAL1, in cynomolgus macaque embryos. As expected, these
monkeys, as juveniles, had altered sleep patterns, but they also
showed decreased exploration and increased fear and anxiety
toward caregivers, compared to control animals. Any time
new technologies that can alter neural function are introduced,
there is the chance that they can also affect the behavior of the
animals. Below, we look at a single example and examine it
from both a proximate and ultimate perspective.

Bird Song as an Example of a Levels
of Analysis Perspective
Some birds produce melodious sounds referred to as song.
Song learning is present only in three distinct avian groups,
constituting somewhat less than 50% of all avian species.
These are the oscine passerine birds, hummingbirds, and parrots. Song is distinct from the species-typical calls found in all
avian species (e.g., begging calls, alarm calls, food location
calls), in terms of its structure, complexity, and its sex specificity (only male birds sing). Although females do not sing,
they nonetheless have to recognize the songs of males of their
species. Bird song has been studied extensively and considerable information is available relating to the four biologically
relevant questions (levels of analysis).
1. Mechanism: Although many aspects of bird song
have been explored in this domain, we highlight the
research on the neuroanatomical structures involved
in song (Wild 2004). Birds that sing must first
learn the species song before reliably producing it.
Extensive evidence suggests that these two processes
(learning and producing) are controlled by different
neuroanatomical structures. Pathways that connect
areas of the brain, specifically the lateral magnocellular nucleus of the anterior nidopallium with area X,
appear to be activated during the learning of song.
In contrast, the ongoing production of song involves
a complex circuit that includes the robust nucleus
of the arcopallidum, the high vocal center, and the
hypoglossal nucleus that connects to muscles of the
syrinx or voice box. The distinction between learning song and producing it is explored further under
the next section “Development”.
2. Development: Male white-crowned sparrows do not
begin to sing until about 200 days of age, and even
then, the song is quite different from the species-
typical song. Extensive research on the whitecrowned sparrow has shown that song learning
is dependent on a combination of innate cues and
crucial experiences across development (Brainard
and Doupe 2002). Without previous song exposure,
young white-crowned sparrows are genetically

12

Behavioral Biology of Laboratory Animals
attuned to respond to conspecific song with increased
heart rate and begging responses (Nelson and Marler
1993). Subsequently, male white-crowned sparrows
acquire the full species song in stages. During the
sensory stage, nestlings hear their father sing the
species song and encode it into their memory. For
maximal memory encoding, exposure should occur
before 100 days of life (Nelson et al. 1997). They then
fledge and begin to sing at around 200 days of age.
Initially, the songs produced are imperfect versions
of the species song. During the sensory-motor stage,
male birds appear to compare their vocal output
with their encoded memory, improving their song
through successive approximations. Males enter the
final stage of crystallization when a match between
the two sources of information is achieved (Nelson
and Marler 1994). At that point, the song remains
relatively invariant throughout the remainder of the
bird’s life, and thus, the white-crowned sparrow
is a closed-end learner. It should be noted that the
process of song learning as described in the whitecrowned sparrow is also observed in zebra finches.
However, it is by no means universal. Many other
bird species are open-ended learners. For example,
canaries retain some old songs from the previous
year, while also learning new songs in the new year.
3. Function: Singing has some very clear costs.
Consider that adult males perch on high branches
and loudly sing their song. What better way to attract
predators. Additionally, singing is energetically
costly and takes time away from foraging for food.
Given those clear costs, the benefits must be powerful enough to exceed those costs. There are obviously many proposed explanations for bird song that
include, but are not limited to, attracting mates and
defending territories from intruder males.
Here we examine one function, namely, that songs
aid in territorial defense and act to repel intruder
males. Testing the territorial defense hypothesis is
not as easy as it seems. Males not only sing, they also
engage in aggressive behavior against intruders. How
does one separate the behavior from the song? In an
ingenious experiment, this hypothesis was tested by
replacing song sparrow males with speakers playing
their song and examining the rate of territorial intrusion (Nowicki et al. 1998). The authors first audiotaped
the songs of 22 males. Then 11 matched pairs of males
were removed temporarily from their territories. One
male of each pair was replaced with a loudspeaker
producing its song whereas the other male’s territory
remained silent. The mean number of intrusions per
hour was significantly lower on territories in which the
male’s song was played, compared to the silent territories, thus providing support for the idea that song alone
can temporarily deter intrusion by strange males.
4. Evolutionary History: Three groups of birds learn
songs; the oscine passerine birds, hummingbirds,
and parrots. However, the actual ancestral state

reconstruction of this pattern across avian species is
not well established. Initial research involving morphological and molecular comparisons suggested that
these three groups were unrelated and song must have
evolved independently three separate times (Sibley
et al. 1988). A subsequent comparison suggested that
parrots may be closely related to oscine passerine
birds, and thus, song learning may only have evolved
independently twice (Hackett et al. 2008). New information now suggests that some suboscine passerine
bird species may also learn their song (Kroodsma
et al. 2013), all of which indicates that the phylogeny
of bird song remains uncertain (Jarvis et al. 2014).

Using the Scientific Method
to Study Behavior
We can generate endless questions about animal behavior and
develop numerous explanations. However, use of the scientific method is essential in determining whether a particular
explanation is a viable answer to a question. For example, Tim
Caro (1986) proposed and tested an explanation for stotting in
gazelles. He started with a simple question; why do gazelles
stott? He then hypothesized that gazelles leap high in the air
to get a better view of the actual location of the cheetah. He
termed this the terrain hypothesis. If the terrain hypothesis
were true, he predicted that the environment would matter,
namely, that in tall grass situations, where cheetah movements
might be difficult to detect, gazelles should stott. In contrast,
in short grass situations, where cheetahs could be easily seen,
stotting would be unnecessary. He then tested this prediction by observing cheetahs and gazelles in both tall and short
grass situations, and discovered that gazelles were equally
likely to stott in both situations. Thus, he ruled out the terrain
hypothesis. Frequently, multiple explanations (hypotheses)
are possible. In some cases, two competing hypotheses that
yield different predictions can be tested simultaneously. Such
hypotheses are considered mutually exclusive.
Caro went on to test four mutually exclusive hypotheses of
stotting in gazelles. Two of these were based on the idea that
stotting was a form of communication to other gazelles, either
to warn them of the presence of a predator or to cause them
to group together to dilute the risk of predation. The remaining two were based on potential interactions with the predator,
either to confuse the predator when many gazelles were stotting at the same time or to alert the predator that it had been
detected and further pursuit was futile (cheetahs rely on stealth
to sneak up on prey). Without going into the details of the predictions and testing, Caro found support for only one hypothesis related to communication between predator and prey,
namely, detection. However, several years later, Fitzgibbon
and Fanshawe (1988) proposed that gazelles stotted to indicate their fitness to the predator. Unfortunately, detection and
fitness are not mutually exclusive hypotheses, because both
lead to the same prediction. Gazelles should stott to alert the
cheetah that it has been detected, enabling them to outrun the
predator, or they should stott as a demonstration of superior
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strength and stamina to the cheetah, indicating that they can
outrun the predator. However, a further examination of the
stotting behavior combined with the success or failure of the
hunt provided support for the fitness hypothesis. Gazelles that
were taken by a predator stotted less frequently per unit time
and did not attain the higher leaps of the gazelles that escaped.
The story does not end here. Recent evidence indicates that
females are more likely to stott than males, and stotting may be
used by mothers to warn fawns of dangerous situations (Blank
2018). These varied findings suggest that stotting serves more
than one purpose and that its use is context dependent, a not
uncommon finding in much of animal behavior research.
This example illustrates several points. First, it demonstrates the rigor with which behavioral science is performed.
It also shows that, as with other fields of science, explanations
may change over time, as new information is uncovered. Much
of the information about the behavior of the species discussed
in this book was learned through rigorous behavioral studies.

Concepts from Animal Behavior That Impact
Laboratory Animal Care and Welfare
There are a number of concepts derived from studying animals in nature that may have some application to laboratory
animal care and welfare. Both regulatory documents overseeing animal care (e.g., United States Animal Welfare Act)
and the Guide for the Care and Use of Laboratory Animals
(National Research Council 2011) emphasize the importance
of promoting species-typical behavior for research animals. In
the sections below, we highlight various evolutionary selection pressures and features of the environment that act to produce species-typical behavior. Additionally, we provide some
suggestions for using this information to improve the captive
environment.

Ecology
Spatial Distributions
Animals are distributed across space and time in various
social or nonsocial configurations. Two concepts are used to
characterize spatial distribution: home range and territory.
Home range refers to an area that an animal or group traverses
in their daily search for food, water, mates, resting sites, and
sleeping sites (first defined by Burt 1943). Territories are areas
within the home range that are actively defended from intrusion by conspecifics. There are benefits to territoriality for animals, including exclusive access to food and mates, as well as
safety from predation. However, these benefits come at a cost
(associated with defense), and territoriality may only “make
sense”, if the benefits outweigh the costs. All animals have
home ranges, but not all animals defend territories. Further
complicating the picture is that spatial distributions can vary
across time (breeding vs. nonbreeding season) and within a
species by sex.
A comparison of vole species is useful in characterizing
this variability. Although population-level differences exist, in
general, prairie vole males are socially monogamous, occupy

and defend a territory (an area near the nesting burrow), and
help care for the pups. Males show intense aggressive behavior
toward male conspecifics, particularly after mating (Winslow
et al. 1993). Prairie vole home ranges are much larger than
those of meadow voles, and encompass areas of dry grasslands
and hay fields. During the nonbreeding season, prairie voles
are often found in communal groups consisting of the breeding pair and offspring, as well as other males (Getz et al. 1993).
In contrast, promiscuous meadow voles have a different spatial pattern (Pritchett-Corning and Winnicker 2021). Females
tend to exist alone in territories independent of other females,
whereas males have larger home ranges that overlap the territories of several females and the home ranges of other males
(Madison 1980). Males and females interact at the time of mating, and typically only females care for the pups (McGuire and
Novak 1984). During the nonbreeding season, meadow voles
overwinter in larger communal groups, consisting of females
and their offspring and males (Madison and McShea 1987).
In this example, studies of home range and territoriality can
be used to inform the establishment of laboratory breeding
colonies of prairie voles and meadow voles from wild stock.
Whereas prairie voles can ideally be maintained as breeding
pairs, maintaining meadow voles as breeding pairs can be more
difficult, and other options may be necessary. Additionally, the
above findings suggest that sociality may be driven in part by
day length, potentially necessitating light cycle management
in captivity.

Predation and the Landscape of Fear
Another factor that can influence habitat use is the risk of
predation. Predation risk in free-ranging animals is known to
vary across different environments, presumably eliciting different perceptions of risk. This spatial variation in the perception of risk by prey species is referred to as the landscape of
fear (Laundré 2010). As risk increases, prey species respond
with increased vigilance behavior and with changes in habitat use (Blanchard et al. 2018). For example, a shift in habitat
preference from aspen stands to conifer forests was observed
in elk after the reintroduction of wolves to Yellowstone Park
(Fortin et al. 2005).
Clearly, changing habitats is not the only way that animals
respond to predation threat. There are many ways in which
animals may respond to a potential predator. One common
response is to remain motionless, or freeze, to avoid detection;
some animals, such as various frog species (e.g., Ramalho et al.
2019), even feign death by adopting a rigid posture in addition
to the immobility (see Figure 2.3). Many animals flee and/
or hide when detected by a predator, while others fight back,
with chemical (e.g., skunk spray) or mechanical (e.g., teeth)
defenses. Individuals do not always have to avoid predators
on their own; individuals within a group may work together to
“mob” a potential predator. The chapters in Part 2 of this book
describe anti-predator behaviors for the various species.
Do such animals perceive the laboratory environment as
a landscape of fear? Obviously, laboratory animals are not
exposed to predators or predator scent, unless such exposure is
part of a research protocol (or, if carestaff inadvertently introduce predator scent by, for example, working with a predator
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FIGURE 2.3 South African mongoose (left) feigns death (right) when approached by a human. (Photos by M. Novak.)

species, such as a cat, before working with a prey species, such
as a mouse). However, it is reasonable to consider that speciestypical reactions to predators honed over evolutionary time
by natural selection can impact behavior in the laboratory.
For example, research tamarins (small New World primates,
closely related to the marmosets discussed in Chapter 24)
that lived in a laboratory environment their entire lives, were
given a choice of sleeping boxes with differing levels of concealment. The tamarins preferred the boxes with the highest
level of cover, even though they had never seen a predator.
Further, when forced to sleep in boxes with relatively little
concealment, they increased their rates of vigilant scanning
(Caine et al. 1992). They maintained this antipredator behavior, despite the lack of predators in their environment.
There are, of course, events that occur across the day that
can increase the perception of risk for laboratory animals.
Human observers and/or caretakers may be viewed as potential threats (Caine 2017, Waiblinger et al. 2006), particularly
if they are involved in a negative interaction (e.g., handling
for injections). There are other events that can be perceived
as high risk, including being transferred to new rooms, new
locations, or new partners. It is likely that some of the natural
fear responses (increased vigilance and movements indicative
of flight) can be mitigated by desensitization and positive reinforcement training techniques (e.g., blood glucose testing in
chimpanzees: Reamer et al. 2014; reducing abnormal behavior: Baker et al. 2009; Coleman and Maier 2010) and by providing safe havens when possible (e.g., transferring marmosets
to new cages by carrying them in their nest boxes).

Social Interactions and Organization
Social Organization
Social organization refers to the structural features of social
relationships that include, but are not limited to, sexual composition, age composition, cohesiveness, division of labor,
and patterns of communication. Social organization varies
widely, ranging from solitary females, whose primary social
interaction is with offspring, to large multimale, multifemale

social groups consisting of every age class (infants, juveniles,
adolescents, and adults). An example of such widespread variability can be observed in the primate order. Five distinct
organizations are recognized: (1) Solitary living: Only a very
few primate species are solitary (e.g., lorises, galagos, orangutans), with the social unit being the mother-infant dyad. In
this form of social organization, solitary males form overlapping home ranges around solitary females. (2) Monogamy:
Relatively few primate species live as breeding pairs surrounded by immature offspring that disperse prior to sexual
maturity (e.g., gibbons, siamangs, owl monkeys, titi monkeys). These species tend to be territorial and monomorphic.
(3) Polyandry: In polyandrous groups, one resident female
lives with several males. This social structure is also quite
rare, but has been observed in some tamarins. (4) Polygyny:
In polygynous groups, one resident male lives with several
females (e.g., gelada and hamadryas baboons, langurs, patas
monkeys) in a “harem” group. Coexisting with these harem
groups are all-male groups. Males from these all-male groups
frequently attempt to oust harem males, and the tenure of
individual harem males is often short. (5) Polygynandry:
Polygynandrous groups consist of multiple adult males and
multiple adult females plus offspring of varying ages. This is
a common form of primate social structure typical of many
macaques, most baboon species, vervet monkeys, capuchins,
ringtailed lemurs, and some colobines.
The problem with creating the above classification is that
within-species variation is not adequately represented. For
example, marmosets are considered monogamous primates
that live in extended family groups, and most studies of freeranging marmosets are consistent with this view (Arruda et al.
2005; Yamamoto et al. 2014). However, other marmoset social
groupings have been reported, including multimale and multifemale groups of individuals that are not necessarily closely
related (Faulkes et al. 2003), as well as groups containing two
breeding females (Digby and Ferrari 1994). Marmosets are not
the only primate species to show such variability. There are
other factors, such as resource availability and predation pressure, that are not taken into account in the above scheme, yet
do influence social groupings.
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For many species, it may not be possible to recreate complex social organizations in the laboratory environment (e.g.,
multimale, multifemale groups of rhesus macaques). However,
a detailed understanding of the natural social organization of
a species may help guide the way that animals are grouped
in a laboratory environment. It may also explain other aspects
of their basic social structure. For example, laboratory rhesus
macaques are often housed in pairs, with ten or more pairs
per room. Although care staff often focus their attention on
the individual pairs, the larger social unit is the group (all the
animals in a room and their interactions with one another). In
this broader context, moving animals to different places in the
same room or removing individuals to other locations, may
disrupt the social organization at the level of the room.

Dominance Hierarchies
Dominance hierarchies are a salient feature in the social
organization of many species, including fish, chickens, and
nonhuman primates. In their simplest form, dominance hierarchies establish a rank order, often linear, for the members of
a group. Dominance confers access to resources such as food,
sleeping locations, mating opportunities, etc. Thus, in a linear hierarchy, the dominant individual gets access to all of the
resources s/he wants, the second dominant animal gets access
to whatever s/he wants (unless it is desired by the dominant
individual) and so on. Rank within the dominance hierarchy
can be relatively stable (e.g., females in many macaque species) or can fluctuate (e.g., males of many macaque species),
and is often maintained with sensory signals (e.g., visual cues,
threatening facial expressions; auditory cues, roars; ritualized
displays, head butting in bighorn sheep), rather than actual
fighting, although the latter may also occur. Some dominance
styles (e.g., despotic) are marked by frequent conflict, unequal
resource distribution, and infrequent postconflict resolution,
but that is not the case with all social hierarchies. In egalitarian dominance systems, subordinates often help the dominant
attain status and dominance can be maintained with relatively
little overt aggression (Vehrencamp 1983). Even within a
genus, there can be vast differences in dominance styles; rhesus macaques have a despotic dominance style, while stumptailed macaques are known to be egalitarian (Honess 2021;
Matsumura 1999).
It is often assumed that being a subordinate member of a
group is more stressful than being dominant, and that is often
the case. However, the social context of the dominance rank is
as important as the rank itself (Sapolsky 2005). Dominant animals that have to fight to maintain their rank (i.e., they are not
certain of their rank) often show more signs of stress than subordinate conspecifics. On the other hand, dominants that are
secure in their rank and that use facial expressions, as opposed
to overt aggression, to intimidate lower ranking individuals,
often show fewer signs of stress (Sapolsky 2005). Because
stress can impact many physiological systems, having to maintain a “stressful” rank is associated with various negative
health outcomes, including immunosuppression, compromised
cardiovascular function, and decreased reproductive output.
It is easy to see why understanding the dominance system
of research animals is important. Disrupting (e.g., disbanding

and reforming) groups, which often happens in research
environments, can increase fighting for a variety of species,
as individuals try to establish dominance relationships in the
“new” group. Even removing only one animal can destabilize
the group in certain circumstances. For example, in rhesus
macaques, removing a high ranking individual can lead to
group instability.

Sexual Selection and Mating
a. Mating Strategies: Male and female mating strategies are very different. Males typically attempt to
mate with as many females as possible, whereas
females typically attempt to choose the single fittest male. These differences are, in part, the result
of gamete size and rarity. Males invest in and produce many small gametes, whereas females invest in
and produce a limited number of very large gametes.
For example, male rhesus monkeys generate large
quantities of sperm, enabling them to breed with
many females at any time during the breeding season. Rhesus females, on the other hand, produce one
egg per month when cycling, resulting in one infant
per year. A second consequence of these differences, barring any health-related issues, is that most
females will usually produce offspring, whereas only
some males will sire offspring. This is the basis of
Bateman’s Principle, wherein variability in reproductive success is significantly greater for males
than females. There is a notable exception. In species
with nonbreeding alloparents (e.g., naked mole rats),
variability in reproductive success may be greater
for females (Hauber and Lacey 2005). The mating
strategies described above result in sexual selection,
a special case of natural selection, in which selection typically acts on males to increase their competitive ability to access females, and on females to
discriminate among males to select the fittest male
(e.g., peahens “think” that if a peacock can survive
to breeding age with that beautiful, but very costly
tail, then he must have very strong genes).
b. Male Competition: Although agonistic behavior and
dominance interactions are thought of as the primary
way in which males compete for access to females,
other strategies include, but are not limited to, mate
guarding (e.g., baboons, Setchell 2016), sealing the
vagina with a sperm plug after mating (e.g., house
mice, Sutter and Lindholm 2016), impersonating a
female to cause males to waste their gametes (e.g.,
bluegill sunfish, Fu et al. 2001), and killing young
infants to bring females into breeding condition
(e.g., during male takeovers in langurs, Borries et al.
1999). Perhaps the best example of competition and
how sexual selection can lead to genetically diverse
male phenotypes is seen in the ruff, a European sandpiper. The ruff is a lekking species, wherein males
vigorously defend small, mating-only territories
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contained within a large ancestral breeding ground
(lek) for the opportunity to breed with females, who
wander around the lek and eventually select a mate.
Three genetically different types of males, each representing very different mating strategies, have been
identified (Ekblom et al. 2012; Küpper et al. 2016;
Lank et al. 2013). Independent males defend a small
breeding territory by fighting with other independent
males. Location (being in the centermost area of the
lek surrounded by other males) is important, in as
much as females spend most of their time in the center of the lek. Satellite males passively exist on the
territories of independent males (one per territory)
and neither fight with males nor defend the territory.
However, independent males benefit because territories containing satellite males receive more visits
by females. Satellite males also benefit by occasionally breeding with females when independent males
fight. The third genetic variant is a female mimic that
resembles females and can blend in with them. When
a real female selects a male, the mimic can sometimes rush in before the independent male mates
with the female. The female mimic then mounts the
real female.
c. Female Choice: The primary evolutionary goal of
females is to assess male fitness. Several models
have been used in the past to characterize the process of female choice. In the direct benefits model,
males provide necessary resources to females, such
as nest sites or food during courtship. Females then
compare the quality of the relevant features before
breeding with a particular male. However, not all
males provide resources. In indirect benefits models,
males provide only sperm (see Jones and Ratterman
2009 for discussion). Choice is then based on females
being able to discriminate males that possess genes
that will increase the fitness of their offspring. Two
challenges to this model are: (1) identifying the relevant cues that females might use, keeping in mind
that there may be a multiplicity of such cues, and
(2) demonstrating that the presence of such cues
increases reproductive success in females. In birds,
relevant male cues that appear to increase reproductive success include intensity of plumage coloration
(for cardinals, Wolfenbarger 1999; but not for bluebirds, Liu et al. 2009), bower quality (in satin bower
birds, Doucet and Montgomerie 2003), and song
rates (in house finches, Mennill et al. 2006).
Female mate choice is less well studied in mammals (Clutton-Brock and McAuliffe 2009), and a
primary focus is on how females select males with
good genes. In ungulates, the relevant male factors
include dominance status, prior sexual experience,
and female defense. With respect to the latter, male
pronghorn antelopes attempt to defend groups of
females (harems) from other males during the breeding season. Nonetheless, females move independently
and frequently switch harems. In one study, the males
that were most attractive to females were those that

could defend large groups of females for a sustained
period. Furthermore, females that mated with attractive males produced offspring that were more likely
to survive to weaning and beyond (Byers and Waits
2006). However, there are many factors influencing
female choice that may be confounded with male
quality. These include, but are not limited to, choosing
a particular location in which a male is found, rather
than selecting the male himself; following the choices
of other females; or selecting males that benefit the
female directly and not necessarily her offspring.
d. Breeding Periods: Although many species have a
well-defined breeding season (particularly rodents
and birds living in the temperate zone), others can
breed opportunistically or continuously. Seasonal
breeding is in part controlled by changes in day
length, which in turn are also associated with various physiological changes (Lehman et al. 1997).
Opportunistic breeders are those that can breed during broad periods of the year, but the actual timing
within that period is related to changes in some environmental factor. Smooth-billed anis show opportunistic breeding readiness which is triffered by
rainy periods in drought areas (Morais et al. 2019).
Continuous breeders are those that can breed yearround, including many domesticated species (e.g.,
cats, dogs, cows). The picture is somewhat different
for highly inbred strains of mice, like those housed at
the Jackson Laboratory (Schile 2019; web site https://
www.jax.org/news-and-insights/jax-blog/2013/
april/how-mice-are-affected-by-the-changing-ofseasons). For most strains, maintenance under a
standard light cycle (14:10) results in breeding yearround. However, some strains (e.g., A/J, SPRET/EiJ,
C57BL/6J) appear to respond to unseen seasonal
changes by altering their breeding activities during
the winter even when maintained on the standard
light cycle. These alterations include reduced litter
size (A/J), reduced litter production (SPRET/EiJ),
and increased gestation length (C57BL/6J).
e. Mating Systems: Mating system refers to the various
sexual partnerships that arise during the breeding.
These partnerships can be brief or last throughout
the breeding period, and are generally classified as
monogamous, polygynous, polyandrous, polygynandrous, or promiscuous (described above). The type
of mating system is derived from an interaction of
male and female mating strategies with features of
the environment. Those features include both the distribution of females and the resources to which they
are attracted. For example, males typically attempt to
breed with as many females as possible. However, if
females are widely dispersed in the environment and
the cost of tracking them down is high, then monogamy (mating with a single female) may be the result.
This is termed facultative monogamy, and contrasts
with obligate monogamy, which may arise when there
is a selective advantage for bi-parental care (and may
not be related to mate density; Kvarnemo 2018).
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Complicating this classification is the finding that
some species can exhibit several mating systems,
depending on environmental factors. Perhaps, the
best example of the influence of the environment on
the development of mating systems can be observed
in the dunnock, a small passerine bird. Dunnocks
can exhibit monogamy, polygyny, polyandry, and
polygynandry within the same population. One
factor that affects mating system expression in this
species is the size of female territories in association with resource availability. Under resource-poor
conditions, female territories are large, and the most
common mating systems are polyandry and polygynandry. Under resource-rich conditions, female territory sizes are small, and monogamy is the most
typical outcome (Santos and Nakagawa 2013).
One of the consequences of factors, such as sexual
selection, breeding season, and mating systems, for
laboratory animals is the need to consider how, when,
and with whom animals should be bred. For highly
inbred strains, such as rats and mice, considerable
information is available at various sites to guide this
process (www.jax.org, www.criver.com). For more
exotic laboratory animal species (e.g., macaques, marmosets, hamsters), a careful consideration of various
evolutionary selection pressures may be informative.
f. Parental Behavior: Just as there is a wide range of
mating systems across various taxa, there are also a
number of ways in which animals may care for their
young. Some animals, such as many reptile species,
show little to no parental behavior (see DeNardo
2021). In most bird and mammalian species, at least
one parent provides care. Parental care can be performed primarily by the mother, as is the case with
the majority of mammalian species, or it can be biparental, as occurs with many bird species. Other
group members (e.g., siblings or others) often help in
caring for the young, a behavior known as alloparenting. Interestingly, paternal-only care is relatively common in fish and amphibian species, although such care
typically consists of protecting eggs, and not necessarily feeding offspring (e.g., Goldberg et al. 2020).
Similar to mating strategies, parental behavior results
from selection pressure, and the two are often closely
tied to one another. For example, it is believed that biparental care coevolved with monogamy (Bales 2017).

Foraging and Feeding Behavior
Feeding behavior, including searching for, processing (e.g.,
getting the nut out of the shell), and consuming food items,
comprises a significant portion of the behavioral repertoire
for many species. Therefore, it is an important behavior to
consider when caring for that animal. Indeed, one of the first
things that people often learn about an animal’s behavior is
how it gets food. Animals are often categorized by their diet;
carnivores survive on diets consisting primarily of live animals (i.e., prey); herbivores eat mostly plants; granivores have
diets consisting of nuts, berries, and seeds; and scavengers

consume diets of dead animals. There is, of course, more to
feeding behavior than simply the kind of food an animal eats.
One of the obvious differences between foraging in nature
and providing food in the laboratory is a substantial reduction in the costs, i.e., energy spent searching for and processing food. In many cases, laboratory animals are provisioned;
thus, virtually no energy is expended in finding food, and very
little energy is spent in preparing it for consumption. The net
result may be relatively rapid consumption of food, and if
not monitored carefully, weight gain in the consumer, along
with a significant increase in “empty time”. As such, providing food appropriately to laboratory animals is a focus of
behavioral management for animals in captivity. Food, either
the animal’s main diet or additional items, such as produce,
is often provided in ways that encourage species-appropriate
foraging. For example, hamsters and other rodents can be provided seeds and items that encourage hoarding (see Winnicker
and Prichett-Corning 2021). There are also a wide variety of
available puzzle feeders and other manipulanda designed to
promote foraging behavior for species, including ferrets, pigs,
dogs, and nonhuman primates, among others. Because many
animals prefer tasty treats to their nutritionally balanced chow,
it is important that foraging strategies be implemented judiciously to avoid obesity or other dietary complications (see
Schapiro 2021 for information about foraging enrichment).
Just as foraging strategies in nature are subject to constraints,
any increase in foraging behavior (using a variety of devices)
in the laboratory environment may pose particular constraints
that need to be addressed. Two such constraints are competition for access to food resources and age-related declines in
motor activity. In the former situation, using multiple devices
may reduce the competition between members living in pairs
or in groups. In the latter case, foraging strategies should be
modified to accommodate age-related changes in motor ability
to ensure that devices are used.

Communication
Communication is the act of transferring information from
one individual (signaler or sender) to another (receiver), which
then changes the behavior of the receiver. In order to survive,
animals need to be able to exchange information about environmental factors, such as potential food sources or predators,
as well as internal factors, including reproductive status and
emotional states.
Communication is accomplished through the use of various
signals. Animals that are active during the day often communicate with visual signals, including facial expressions or body
postures. Visual signals also include stereotyped behavioral
sequences, such as the intricate dance bees use to convey the
location of good pollen sources, or various courtship rituals.
Acoustic signals are another common way animals exchange
information, particularly if they need to communicate at a distance. For example, birds chirp or sing to indicate territoriality
or as part of courtship (e.g., Friedrich and Mello 2021), guinea
pigs purr during courtship (Kleven 2021), and young animals
vocalize to get the attention of their parents. Vocalizations are
not always audible to humans; many rodent species use ultrasonic vocalizations. Chemical signals, including pheromones
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in scent marks, are used to communicate in many species.
Scent marking, a behavior in which animals deposit these
chemical cues (through secretions produced by specialized
glands, or through urine or feces), is often used to signal territories or for mating, and can also be used for identification of
individuals. In addition, chemical cues can be used to suppress
or induce ovulation in mice and other animals (MacLellan
et al. 2021). Finally, many animals transmit information via
tactile communication, such as grooming. Each chapter in Part
2 discusses modes by which the species communicates.
The sensory capabilities of animals help them adapt in their
natural environments. Thus, it is important to make sure that
laboratory environments accommodate these sensory capabilities. For example, as stated above, scent marking is an
important form of communication for many species, and those
species should be provided with materials that accommodate
scent marks (e.g., wood). Similarly, rodents and other species
can hear sounds in ranges that we cannot. Devices, such as
fluorescent lights and computer monitors, produce high frequency sounds that, while inaudible to us, can be quite loud to
those species (Morgan and Tromborg 2007).

Learning
Learning, and the flexibility it provides, is an important
component of species-typical behavior, and as such, it is subject to the forces of natural selection. The various types of
learning range from simple associations involved in habituation and operant conditioning, to higher order mental processes that may be involved in complex tasks, such as tool
use, invisible displacements (object permanence), and spatial
memory.
1. Habituation and Its Relationship to Observation:
Habituation refers to a cessation of responding to
repeated presentations of the same stimulus. Most
novel stimuli initially produce an increase in vigilance, followed by exploration. However, repetitive
presentation generally leads to a cessation in these
responses. This concept is particularly important in
the field of animal behavior. In many cases, observations of animals are conducted by humans out in the
field, with animals moving freely, or in colony rooms
of laboratory animals. Humans are typically meaningful stimuli to animals, which generally results
in some sort of behavioral response to the human
“stimulus”, a less than ideal circumstance for “naturalistic” behavioral observations (Figure 2.4).
Observers should habituate animals to their presence before collecting behavioral data. In the laboratory, observers should remain relatively motionless
and nonreactive for a number of sessions before
data are collected. In the field, observers may have
to habituate animals to their movements as they follow animals through their habitat. In the absence of
habituation, observers may see only a limited part
of the animals’ behavioral repertoires, namely, those
behaviors that are directed toward strangers and
potential predators.

FIGURE 2.4 Researchers observing animals in the field. (Photo by M.
Novak.)

It should be noted that there is no easy way to prove
that animals are fully and completely habituated to
observers, nor is there any set number of sessions in
which to achieve this habituation. The best approach
is to look for a decrease in vigilance-related behavior
over time when the observer is present and, where
possible, compare it to the levels of vigilance behavior when the observer is absent (e.g., video data).
2. Operant Conditioning: Operant conditioning refers to
a form of learning in which the strength of a behavior
changes (increases or decreases) in response to the consequences associated with the behavior. When a behavior is reinforced (i.e., rewarded, either by providing
something positive or removing something aversive),
the chance that the animal will engage in that behavior again increases. This is commonly used in animal
training; providing a treat (positive reinforcement)
when animals engage in target behaviors increases
the chance that the animal will repeat that behavior.
Similarly, behaviors can be reinforced by removing
something negative; for example, you might put on your
seatbelt to avoid the annoying buzzer in your car. On
the other hand, if the outcome of a behavior is punishment (either adding something aversive to, or removing
something positive from, the animal), the chances that
the animal will engage in that behavior again decrease.
Animals must constantly learn new things to
effectively exploit their environments and survive,
and much of this learning is, in part, the result of
operant conditioning. At its most basic level, animals
must learn what is safe to eat and what is not, and this
is often dependent on actual experience with the food
item. Blue jays readily consume cryptically colored
moths and develop a search image for these moths as
a consequence of positive reinforcement (Bond and
Kamil 2002). However, when naïve blue jays take
a monarch butterfly, they become sick as a result of
the cardiac glycosides that are present in the monarch’s wings (Brower and Fink 1985). This adverse
exposure, a form of punishment in the scheme above,
generally causes blue jays to avoid all monarchs in
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the future. Thus, taste aversion learning occurs rapidly and is an important process for many species in
learning what is safe to eat.
But animals must also learn that food items,
whether they be plant or animal species, increase and
decrease in numbers over short periods of time. This
is most obvious when we consider the flowers that
honey bees rely on for nectar in the temperate zone,
which change from spring (e.g., lilacs and coneflowers), to summer (e.g., dandelions and sunflowers), and
into the early fall (e.g., asters and goldenrods). As the
relative numbers of these various flowers increase,
positive reinforcement ensures return to the same
area and plant. But as they fade away, extinction (a
decrease in behavior that occurs with a lack of reinforcement) will take over.
Operant conditioning can play a substantial role in
the well-being of laboratory animals. Procedures that
initially induce fear and avoidance can be mitigated
in laboratory animals by a rigorous training program
that involves positive reinforcement. Animals trained
using positive reinforcement techniques are typically
asked to perform a behavior (e.g., “remain stationary”)
and are then given a reward (e.g., desired food item or
praise) immediately after they engage in the behavior,
which increases the likelihood that the animal will
perform the behavior the next time it is asked. Many
animals, including nonhuman primates, dogs, and
pigs, among others, have been trained with positive
reinforcement techniques to voluntarily cooperate with
husbandry, clinical, and/or scientific procedures (see
Schapiro 2021 for more details on positive reinforcement training). For example, rhesus macaques have
been trained using positive reinforcement training to
present a limb for blood sampling (e.g., Coleman et al.
2008). Such training eliminates the need for restraint
and sedation, thus improving well-being for the animals and resulting in better data (Graham et al. 2013).
3. Complex Forms of Learning: In the past, complex
forms of learning were viewed simply as a series of
operant responses that had been chained together.
The best example of such chaining can be seen in the
squirrel mazes created by English landowners to determine exactly what squirrels will go through to obtain
nuts from bird feeders (see video clip of the “mission
impossible squirrel” at https://www.youtube.com/
watch?v=FrPOsqzqx7k). The landowners in this case
created the maze in stages, waited for the squirrels
to get to the feeder in stage 1, then added stage 2 and
waited for the squirrels to get to the feeder and so on.
However, there are many kinds of learning and
problem solving that are not readily explained by
operant conditioning alone. The term animal cognition refers to mental abilities involved in thinking and reasoning. In many cases, the assumption is
that animals develop mental representations of possible solutions. Among many capabilities, animals
can categorize along a number of different dimensions (e.g., abstract vs. relational), can learn basic

rules by discriminating between correct and incorrect sequences of events, can use tools spontaneously
without training, can infer hidden movements, and
can show prodigious memory capacity.
We highlight briefly the last three capabilities
listed above. Many species can spontaneously use
tools to solve problems (e.g., Caledonian crows,
ostriches, capuchin monkeys, macaques, and chimpanzees). The macaque in the photo (Figure 2.5)
is inserting a rod into a portable tube to dislodge a
carrot. When this monkey was first presented with
a stationary tube task with a prune in the middle, he
tried reaching in at one end, then reaching in at the
other end and then biting the middle where the prune
was. Immediately following those failed attempts, he
walked to another part of his pen, picked up a polyvinyl chloride (PVC) rod, returned and inserted it in
the tube to dislodge the treat. The entire process took
68 s. He received no training or shaping whatsoever.
Rather than simply being the result of operant conditioning, it appeared as if he had some mental representation of the solution. This spontaneous solution
was observed in 3 of 25 rhesus monkeys tested.
Such mental representations are also important
in object permanence tasks involving invisible displacements, wherein animals must track the location of hidden objects. In this task, animals first see
a treat in a container, the container is then moved
behind one of three boxes and the treat transferred
out of view of the animal. Finally, the container is
shown empty. The animal must mentally infer the
transfer of the object from the container to that
particular box. Orangutans can pass invisible displacement tasks, whereas squirrel monkeys cannot.
Rhesus monkeys are intermediate, in that some can

FIGURE 2.5 Rhesus macaque using a PVC rod to remove a piece of
carrot from a clear tube. (Photo by M. Novak.)
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solve this task, whereas others seem unable to do so
(de Blois et al. 1998, 1999).
Another form of mental representation involves
the development of cognitive maps. In this process,
animals accumulate information about their spatial
environment by identifying objects and their locations within that environment, establishing the spatial coordinates of the objects with respect to one
another, and retaining a memory of these coordinates over long periods of time. Species that cache
seeds and nuts over the winter include both mammals (e.g., squirrels) and birds (e.g., nutcrackers).
Nutcrackers are renowned for their extensive caching of seeds, creating thousands of cache sites during the fall (Moller et al. 2001). They also remember
the location of these cache sites buried beneath snow
cover for as long as 7–9 months.
Studies of animal cognition can provide valuable
information for enriching the environment of laboratory animals. One basic concern with laboratory animals is that in comparison to natural environments,
they live in a relatively sensory-deprived environment. Providing cognitive challenges consistent with
a species’ existing capabilities may be an excellent
way to enhance their environment and keep them
active, alert, and in a state of positive well-being.
New technologies are now coming on line that may
facilitate this process (e.g., iPads for macaques with
built-in programs).
4. Social Learning: Animals living in social groups
often learn by observing the actions of conspecifics,
a process known as social or observational learning.
Most readers are likely familiar with the story of Imo,
a young female Japanese macaque living on Koshima
Island, Japan, in the 1950s. Imo took a sweet potato
from the sand and washed it in nearby seawater,
something that no other monkey in her troop had
been observed to do. Soon after watching Imo, the
rest of her troop began washing sweet potatoes, presumably through social learning (Kawai 1965). Of
course, animals learn more than just food washing
from other members of their group. By observing
conspecifics, animals, particularly juveniles, learn
what foods are safe, how to eat those foods, what and
who to fear, and even mating strategies (for review
of social learning, see Galef and Laland 2005). Not
surprisingly, social learning between adults is more
easily facilitated in social species, such as rats and
primates, than solitary species, such as golden hamsters (Galef and Laland 2005). In an interesting study,
Lupfer et al. (2003) compared social learning of food
preference between golden hamsters and dwarf hamsters, a moderately social species. They found that
while adult dwarf hamsters learned food preferences from adult conspecifics, golden hamsters did
not. However, golden hamster pups did show preferences for food their mothers preferred (Lupfer et al.
2003), suggesting that developmental stage may be
an important influence on social learning (Galef and

Laland 2005). Social learning can be a useful tool in
the laboratory. Animals that are new to the colony
can learn how to use specific feeding equipment or
enrichment devices by observing more experienced
animals. They can also learn to accept handling by
carestaff, particularly if the demonstrator animal is
a parent. For example, young foals that were present
while their mothers were gently handled by humans
were more likely to tolerate handling later in life
than those who did not witness the handling (Henry
et al. 2005). While not widely studied in the laboratory setting, social learning can also facilitate positive reinforcement training. For example, macaques
(Coleman 2017) and rats (Leidinger et al. 2018) that
watch others being trained for a task are more likely
than naïve animals to perform that task. Additionally,
dogs can learn to perform tasks by watching a human
engage in the desired behavior; this has been used
as a relatively new training technique called “Do
as I Do” (Fugazza and Miklósi 2014). The observer
does not necessarily need to be present; budgies (and
perhaps other species) can learn tasks from watching videos of conspecifics (Mottley and Heyes 2003).
There can be research implications to social learning as well. Young rats that observed their littermates
intoxicated, voluntarily consumed more alcohol than
those that did not (Hunt et al. 2001). Finally, while
less often documented, it is certainly conceivable that
animals could learn ‘bad” habits, as well as good.
Social learning has been implicated in the transmission of abnormal behavior in chimpanzees (Hook
et al. 2002) and chickens (Dixon and Lambton 2021).

Individual Variation
Even within species, the behavior of individuals can vary
widely, a fact that comes as no surprise to anyone who works
with or around animals. If you have spent time at a dog park,
you have undoubtably seen that some dogs eagerly play with
others and will approach new people without hesitation, while
others hide behind their people, rarely peaking out. There are
a variety of factors that can produce these sorts of behavioral
differences, including the sex, age, experiences, and temperament/personality of the individuals. We briefly describe the
influence of temperament on behavior below.
Temperament, or personality, can be defined as an individual’s basic position toward environmental change and challenge
(Lyons et al. 1988); in other words, it describes how individuals
respond to, and cope with, environmental stressors. When faced
with a potentially risky stimulus, such as a novel feeding patch,
or, in the example above, an unfamiliar person at the dog park,
some individuals (i.e., bold or exploratory) eagerly approach
and inspect the novel situation, while others (i.e., shy or inhibited) actively avoid it. These sorts of differences in response to
novelty have been found in a wide range of taxonomic groups,
from invertebrates to fish to birds to mammals. Indeed, in every
species in which differences in temperament have been investigated, they have been found, indicating the conserved nature
of this trait. The study of temperament and its relationship

21

Animal Behavior
with various behaviors has grown dramatically in the past two
decades. Shy and bold individuals have been shown to differ
with respect to many natural behaviors, including habitat choice
and utilization, mating style, foraging behaviors, parental care,
and social interactions (e.g., Réale and Montiglio 2020). For
example, bold southern red-backed voles dispersed seeds at
greater distances than their more reticent counterparts (Brehm
et al. 2019), and shy sticklebacks had fewer interactions in social
networks than bolder animals, a finding that has implications
for the transfer of illness (Pike et al. 2008).
As with their wild counterparts, laboratory animals also differ with respect to temperament, which can influence various
behaviors, including feeding, exploration, and socialization,
among others. Further, temperament can affect the physical
and behavioral health of animals. Due to their heightened
stress sensitivity, shy individuals may have increased susceptibility to various illnesses, such as diarrhea (e.g., Capitanio
2017; Gottlieb et al. 2018). They also are more likely than
bolder conspecifics to display behaviors indicative of negative emotional states (e.g., pigs, Asher et al. 2016; dogs, Mendl
et al. 2010). Thus, temperament can influence well-being and
affect many laboratory animals.
Perhaps not surprisingly, temperament can also influence
how animals respond to behavioral management practices
(Coleman 2020). The provision of environmental enrichment
is a major part of behavioral management for most species (see
Schapiro 2021). There is often an assumption made that enrichment is equally beneficial for all animals. However, individuals
can differ in their response to various enrichment strategies;
bold animals (e.g., pigs, rhesus macaques) are more likely than
shy counterparts to utilize certain environmental enrichment
items (pigs, Bolhuis et al. 2004; macaques, Coleman 2017).
Further, enrichment can be potentially anxiogenic for highly
inhibited individuals (e.g., orange-winged Amazon parrots,
Amazona amazonica, Fox and Millam 2007). Temperament
can also influence the outcome of positive reinforcement training. Shy, fearful macaques were less likely than bold monkeys
to successfully learn tasks, including touching a target and
presenting a body part (Coleman 2017; Coleman et al. 2005).
Thus, when possible, individual differences in temperament
should be considered when caring for laboratory animals.

humans. Bats use echolocation (similar to sonar) to detect
moths; bees see ultraviolet light to locate food sources; and
mice produce ultrasonic vocalizations to communicate with
one another. But why are these differences important? Most
biomedical animal model research is conducted on mice and
rats. Although scientists can readily observe motor movements
and general activities (e.g., digging, chewing, eating and the
like) in mice and rats, the vocalizations they produce are inaccessible to humans without the use of sophisticated recording
equipment. In some species, vocalizations can be important
components of well-being assessments. It is an empirical question as to whether vocalizations in rats and mice are also significant markers for well-being.

Anthropomorphism
Anthropomorphism is especially common with pets, with
mammals, and particularly, with creatures that look most
like us (e.g., nonhuman primates). Scientific opinions vary
on the use of anthropomorphism. Some argue that it is a
form of bias, interfering with the ability to rule out simpler explanations. Others suggest that it allows us to explore
higher-order emotional processes (e.g., jealousy) and
higher-order cognitive processes (e.g., attribution of knowledge) in nonhuman animals. Both sides would agree that
such ideas must be tested scientifically before any conclusions can be drawn.
Anthropomorphism can cause us to project our own feelings
onto the animals. For example, subordinate animals that live
in linear dominance hierarchies may have limited access to
resources compared to the dominant individuals. This inequity
is a natural part of their world; however, empathetic humans
sometimes feel bad for these individuals, which can lead to
decisions that are not necessarily in the affected individuals’
favor, such as separating animals in a social pair because one
partner receives fewer treats than the other. Lack of treats is
likely to be less important to the individual than the lack of
social companionship.

Summary
Cautions: Our Limitations as Observers
As observers, it may be difficult to escape our human-centric
view of the world and the animals in it. In fact, the field of
animal behavior may be more vulnerable to human bias than
any other field of biology. Two significant factors in this possible bias are our own limitations in sensory capabilities and
in the tendency to anthropomorphize, projecting human-like
traits onto nonhuman animals (e.g., my dog is jealous when I
pay attention to the cat).

Sensory Motor Capabilities
As we discuss above, there are numerous examples of species having sensory capabilities that go far beyond those of

As you will see as you read through the chapters in this
book, animals engage in some pretty amazing behaviors.
Behaviors such as the way they interact with conspecifics,
how they find and process food, and the manner by which
they avoid predators, among others, have been shaped by
natural selection to help them survive in their natural habitat. Knowing these species-appropriate behaviors is critical
not only for providing the animals with optimal environmental features to promote welfare but also for being able
to identify abnormal and maladaptive behaviors. Further,
understanding animal behavior as an academic discipline
can provide tools to help in this endeavor. This chapter is
intended to give you, the reader, a very brief introduction
to a very select subset of the topics and approaches that are
important for the scientific understanding of animal behavior and behavioral biology.
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INTRODUCTION
Diabetes mellitus is a chronic and progressive metabolic condition that is primarily characterized by hyperglycemia, leading to increased risk for cardiovascular and
peripheral vascular disease, retinopathy, nephropathy,

and neuropathy. As a result, diabetes is one of the top
noncommunicable disease-related causes of morbidity
and mortality worldwide. As of 2017, it is estimated that
approximately 425 million adults between the ages of
20 and 79 have some form of diabetes (IDF 2017). Of this
affected population, some 7% to 12% (29.75 to 51 million)
459
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have type 1 diabetes (T1D), while another 87% to 91%
(369.75 to 386.75 million) have type 2 diabetes (T2D).
Adding further to the severity of this global health concern is the projection that this total number will reach as
high as 629 million people by the year 2045 (IDF 2017).
Additionally, it is estimated that another 352.1 million
people between the ages of 20 and 79 have impaired glucose tolerance (IGT) (IDF 2017), putting them at increased
risk for eventually developing diabetes. Exemplifying the
worldwide severity of this disease burden, diabetes-related
health care costs (management of diabetes and its complications) result in an annual expenditure of the equivalent
of approximately $727 billion (IDF 2017). Even though
diabetes is a global (noncommunicable) pandemic, it is
still incompletely understood due to the complex interplay
among genetic, environmental, and lifestyle risk factors.
In vitro and in vivo strategies are used to unravel these
relationships and develop safe and efficacious therapies
for the prevention, reversal, and treatment of diabetes and
its complications.
Animal models have been pivotal in the characterization and treatment of diabetes since the early discovery
and evaluation of insulin in dogs a century ago (Banting
et al. 1922), considered a seminal example of contributions by animals to a life-changing medical breakthrough
for humans and other animals. Diabetes medications and
insulin therapy are available to manage diabetes, but there
is still an unmet medical need for novel therapeutics.
CLINICAL CHARACTERISTICS OF DIABETES
Epidemiology of Diabetes and Its Complications
Diabetes is a complex multifactorial disease that
is influenced by environmental, genetic, and lifestyle
factors, together with intricacies in their stochastic
interactions.
T1D (insulin-dependent diabetes) occurs as a result
of the autoimmune destruction of the insulin-producing
pancreatic β cells, leading to a total, or near-total, loss of
the body’s source of endogenous insulin. Development of
T1D results from a combination of multifactorial genetic
factors, the most influential being human leukocyte antigen (HLA)–related genes on the short arm of chromosome 6 (Pociot et al. 2010), together with less understood
environmental trigger(s) (Tisch and McDevitt 1996). It
is generally viewed that the development of T1D may be
triggered by an increased inflammatory state driven by
exogenous antigen of dietary, toxin or pathogenic origin,
or a combination of these (Knip and Simell 2012).
Similar to T1D, T2D (insulin-independent diabetes)
is a complex, multifactorial disease with a genetic component (Grant et al. 2006; Sladek et al. 2007) and multiple environmental and lifestyle risk factors. Risk factors
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associated with T2D include obesity (caloric excess), high
sugar consumption, physical inactivity, cigarette smoking,
and impaired glucose tolerance (Hu et al. 2001; Mordes
et al. 2004). There is also a strong link between risk of
T2D and aging, as cases of T2D are seen much more frequently in older adults compared to children, adolescents,
and young adults (IDF 2017). The development of T2D is
associated with obesity, inflammation, and reduced sensitivity/response to insulin (insulin resistance) (Donath and
Shoelson 2011; Hu et al. 2001). In an effort to maintain
homeostasis, there is compensatory β-cell proliferation
that supports increased production of insulin, but eventually, continued demand results in β-cell exhaustion
that reduces insulin-producing capacity to the extent that
exogenous insulin support is necessary (IDF 2017).
Unmet Medical Needs
The ongoing upward trend in the incidence and prevalence of diabetes affects a significant proportion of the
global population and imposes both substantial health and
economic burdens, necessitating the development of optimal therapies for minimizing disease-related morbidity,
mortality, and complications. Presently, T1D is managed
through frequent blood glucose monitoring and corresponding exogenous insulin administration in an attempt
to simply replace the insulin that the body is no longer
able to produce on its own. Intensive insulin therapy (i.e.,
more frequent blood glucose checks, use of an insulin
pump) is used to exert more precise glycemic control, with
the intent to limit glycemic excursions (Peters et al. 2016).
While exogenous insulin administration plays a crucial role in improving blood glucose control, it is not a
cure and has not proven to be a perfect or simple therapy.
Even with combined basal and rapid-acting insulin regimens, diabetics incur glucose fluctuations exceeding the
normal physiologic range that lead to increased risk for
major complications (e.g., diabetic retinopathy, nephropathy, cardiovascular [CV] disease) over time (Jacobson et
al. 2013). Intensive insulin therapy regimens are utilized
for strict glycemic control toward improving glycated
hemoglobin levels and reducing microvascular complications; however, intensive regimens can increase incidence of another serious complication: hypoglycemic
unawareness (McCoy et al. 2016; Turnbull et al. 2009;
Wang 1993). Sensor-augmented pump therapy, which
integrates continuous glucose monitoring with insulin
pump therapy, has demonstrated promise by reducing
hypoglycemia; however, β-cell replacement via islet or
pancreas transplant is comparatively superior with regard
to glycemic control and long-term benefits (Beato-Víbora
et al. 2018; Steineck et al. 2017). Strict adherence to nutritional regimens and insulin protocols exactly as expected
can be challenging, and issues with acceptance or compliance with conventional treatment protocols affect patient
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quality of life (Delamater 2006; Payk et al. 2018). In sum,
despite the improved glycemic control that current insulin
administration protocols provide, there is still an unmet
medical need for achieving optimal glycemic control that
minimizes the risks of various diabetes-related complications (Graham and Schuurman 2015).
Key components of therapy for T2D include making
lifestyle changes, such as increased exercise and dietary
adjustments, which can improve overall glycemic stability and control (IDF 2017). Additionally, multiple medications are available, including metformin and GLP-1
analogs, that enhance insulin secretion, slow gastric emptying, and blunt postprandial glucagon toward improved
glycemic control (IDF 2017). When endogenous β-cell
function is insufficient, supplemental exogenous insulin
is administered in an effort to enhance glycemic control
and reduce the risk of hyperglycemic-related complications (IDF 2017). Novel approaches to maintain optimal
glycemic control are needed to reduce comorbidity risks,
e.g., CV disease, retinopathy, and nephropathy (IDF
2017). Since insulin resistance underlies T2D pathology,
exogenous insulin administration alone does not confer
the same degree of benefit in improving glycemic control
that it does in cases of T1D. While there have been considerable advances in cell-based assays (Amin et al. 2016;
Peiris et al. 2018), animal models are still necessary to
understand the more complicated systems biology capable
of driving new therapeutic innovation.
Clinical Presentation of T1D
The onset of T1D is usually in younger individuals,
including children and adolescents, although it can present
at any age (IDF 2017). In children under the age of 14, there
is minimal difference in disease incidence between sexes;
however, after age 14, there is a 1.5:1 male-to-female incidence ratio (Merger et al. 2013). The onset of T1D is typically acute, accompanied by readily detectable metabolic
abnormalities (IDF 2017). The most common symptoms at
onset include polyuria, polydipsia, and weight loss, while
other signs, such as lethargy, blurred vision, and recurrent
infections, may also be present (Merger et al. 2013; Roche
et al. 2005). Lack of glycemic control can additionally alter
consciousness and manifest in diabetic-related seizures
(Stafstrom 2003; Yun and Xuefeng 2013). Diabetic ketoacidosis (DKA) occurs in between 15% and 70% of cases
(Wolfsdorf et al. 2009). DKA symptoms include abnormal
respiration, nausea/vomiting, dehydration, elevated leukocyte count, and pain and when left untreated can be lifethreatening (Wolfsdorf et al. 2009).
Long-term metabolic instability related to imperfect
glycemic control can lead to a variety of adverse chronic
complications, adding to disease burden. Multiple organ
systems are affected as a consequence of generalized,
body-wide, hyperglycemia-induced macrovascular and

BK-TandF-STEINBRUCHEL_9781138341807-200373-Chp18.indd 461

461

microvascular damage. Examples of such complications
include microvascular-related retinopathy, neuropathy,
and nephropathy, as well as macrovascular coronary and
peripheral artery diseases that increase the risk of CV disease and stroke (IDF 2017).
Clinical Presentation of T2D
and Metabolic Syndrome
The onset of T2D is typically in adulthood, but the
average age has dropped as the incidence in younger
adults and adolescents increases, most likely related to
the surge in global obesity and other lifestyle-based T2D
risk factors (IDF 2017). Many of the symptoms observed
in cases of T2D are similar to T1D, as most are the
direct result of the hyperglycemia observed in both diseases. Those with T2D frequently present with polyuria
and polydipsia, along with lethargy, blurred vision, and
recurrent infections (IDF 2017). However, the progression of T2D is generally slower in comparison to T1D,
and symptoms are usually milder and more intermittent
in presentation (Campbell 2000). As a result, T2D is often
discovered as an incidental finding during other healthrelated examinations.
Individuals affected by the glycemic instability associated with T2D face an elevated risk for many of the same
complications as those with T1D. Because T2D often persists for a prolonged period of time prior to diagnosis and
management, the risk of chronic complications, including
retinopathy, nephropathy, neuropathy, CV disease, and
nonalcoholic fatty liver disease, is a major concern. Such
complications are often the major contributors to T2Drelated morbidity and mortality (Campbell 2000; Zheng
et al. 2018).
Metabolic syndrome, characterized by a combination of metabolic abnormalities, can be a precursor to
the development of T2D and has become a useful tool for
identifying those individuals at increased risk and who
may benefit from early intervention (Handelsman 2009).
Conditions of the syndrome include hypertension, obesity,
hyperglycemia, impaired glucose tolerance, insulin resistance, and hyperlipidemia (Alberti et al. 2005). Typically,
metabolic syndrome precedes T2D, as the primary difference is a lower diagnostic threshold for metabolic
syndrome (Handelsman 2009). Among the variety of complications that may present as a result of these metabolic
irregularities are fatty liver disease (Hanley et al. 2005),
sleep disorders (Vgontzas et al. 1999), and an elevated risk
for certain cancers (Del Giudice et al. 1998). Metabolic
syndrome, especially untreated, increases the risk of T2D
and CV disease (Alberti et al. 2005). Similar to diabetes,
metabolic syndrome is believed to be a multifactorial condition caused by both genetic and environmental factors,
including nutrition (Bruce and Byrne 2009). Animal models have been used to examine the relationship between
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genotype and metabolic function to reveal potential therapeutic targets (Bertram and Hanson 2001; Kennedy et al.
2010; Wong et al. 2016).
SELECTING AN ANIMAL
MODEL FOR DIABETES
Animal models played a central role in uncovering
the pathogenesis of diabetes, and subsequently advanced
a number of life-changing therapies, with exogenous
insulin therapy being the most readily recognized
(Banting et al. 1922; Bliss 1993). Beyond understanding
insulin action and the use of therapeutics, animal models have proven to be essential in uncovering interrelated
hormone dependencies, metabolic pathways, and signaling (Kojima et al. 1999; Zhang et al. 1994). Most of
this work now relies heavily on rodent models for basic
research and primate models for translation (with the
occasional use of pig models). There has even been some
success in nonanimal alternatives, most notably in the
use of cell cultures to model certain basic physiologic
processes that are independent of complex cell-to-cell
interactions (Becker et al. 2019; Efrat 2004; Ravassard
et al. 2011; Skelin et al. 2010). Choosing the appropriate
model is dependent on the research aim, together with
the purpose of the study. Research is focused predominantly on genetic studies or underlying disease mechanisms, as well as safety and efficacy testing to develop
strategies for preventing and treating diabetes and harmful comorbidities. Beyond treatment, β-cell replacement
has demonstrated a potential pathway to a cure following considerable success in clinical islet allotransplant,
where the majority of patients achieved insulin independence and prolonged, stable glycemic control (Barton
et al. 2012; Bellin et al. 2008; Foster et al. 2018; Hering
et al. 2016). Evaluations of renewable β-cell sources,
together with novel technologies capable of long-term
maintenance of β cells, without immunosuppression,
comprise a research path that is advancing toward a
cure (Cardona et al. 2006; Hering et al. 2006; Singh
et al. 2019; Van der Windt et al. 2009). With all of
these aspects considered, and in the absence of appropriate alternatives, animal model selection should
consider a species’ biologic and behavioral characteristics, as well as the mechanism of disease development
(etiology, construct validity) and then the manifestation
of disease (pathophysiology, face validity) (Graham and
Schuurman 2015).
The etiology of diabetes is usually the primary determinant in the selection of the animal model: in T1D,
the destruction of β cells; and in T2D, combinations
of insulin resistance with or without obesity and β-cell
exhaustion. While the etiologies may differ, the eventual
pancreatic β-cell dysfunction that occurs is common to
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both T1D and T2D. In the experimental setting, there are
several methods to generate models capable of mimicking a diabetic or diabetic-prone state, including spontaneous, genetically prone models; surgical induction (e.g., by
pancreatectomy); dietary induction; chemical induction
via agents targeting pancreatic islet cells (e.g., alloxan
and streptozotocin); and combinations of these. Virally
induced models have also been used, though relatively
infrequently. Spontaneous models or diet-induced models
provide better examples of the natural pathophysiological
processes underlying disease development, while others,
such as chemically or surgically induced models, do well
at exemplifying the clinical state and complications of
those afflicted by diabetes (McGonigle and Ruggeri 2014).
Choice of species is often made with the goal of using
the model that is the lowest representative phylogenetic species that still confers a high level of validity in answering
the research question of interest (Graham and Schuurman
2015). Rodent models are often used to investigate the prevention of diabetes-triggering processes, understanding
certain aspects of diabetes treatment, and understanding
its underlying pathophysiological processes, while large
animals, especially nonhuman primates (NHPs), are used
when physiological and immunological similarities to
humans are required for studying and investigating other
novel treatments in preparation for translation to the clinical setting (Graham and Schuurman 2015).
Spontaneous Models
Models that are designed to spontaneously develop
diabetes have high utility in investigating both the mechanisms and the prevention of T1D and T2D. These are
most commonly various strains of rodents that have been
bred to mimic either T1D, with an increased susceptibility
to autoimmune destruction of pancreatic β cells and the
development of hyperglycemia, or T2D, bred for obesity
and/or an increased risk of insulin resistance and glucose
intolerance.
With respect to autoimmune T1D, the two commonly used rodent models are the nonobese diabetic
(NOD) mouse and the Biobreeding (BB) rat (Graham and
Schuurman 2015; King 2012; Rees and Alcolado 2005).
It should be noted that the Komeda diabetes-prone (KDP)
rat and the LEW.1AR1 rat have gained traction for certain applications, but are still infrequently used in comparison to the NOD and BB models (Mordes et al. 2004).
The NOD mouse develops insulitis starting at around
4 weeks of age, followed by subsequent infiltration and
destruction of these cells by the immune system, mimicking the T-cell–mediated, autoimmune-related destruction seen in naturally occurring T1D (Makino et al. 1980).
While incidence varies by sex, with approximately 60 to
90% of females and 10% to 30% of males affected, overt
insulin-dependent diabetes is typically observed between
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10 and 14 weeks of age (Anderson and Bluestone 2005;
Hanafusa et al. 1994; Kikutani and Makino 1992; Makino
et al. 1980; Pozzilli et al. 1993). Similar to humans, major
histocompatibility complex (MHC)–linked genes in T
cells and development of autoreactive T-cell repertoires
in NOD mice contribute to T1D susceptibility, supporting
their use in studies attempting to improve understanding
of the pathophysiological immune processes involved in
the development of T1D (Anderson and Bluestone 2005;
Hanafusa et al. 1994; Kikutani and Makino 1992; Makino
et al. 1980; Pozzilli et al. 1993).
The BB rat model develops insulitis at around 2 months
of age, followed by overt diabetes that is similar to the
clinical situation in the Th1-type lymphocyte infiltration
of β cells (Kolb et al. 1996; Mordes et al. 2004; Zipris et
al. 1996). Spontaneous diabetes development occurs almost
equally between males and females, with a total incidence
rate of approximately 90% (King 2012). Generally, the
BB rat is used similarly to the NOD mouse, providing the
opportunity to investigate autoimmune pathophysiological
mechanisms involved in spontaneous islet cell destruction
and potential ways to halt them (Bone et al. 1990).
Immune dysregulation in these models provokes
β-cell–reactive T cells, more closely mimicking naturally
developing diabetes processes (compared with models
where β cells are manually destroyed or removed). This
gives the opportunity to investigate ways to intervene
with, and possibly halt, the processes responsible for islet
death and disease development in the context of heightened autoimmune activity (Casteels et al. 1998). Because
these models are exceptionally well characterized, the
shortcomings, especially related to translation, are also
well known. There are important differences in immune
parameters that are not representative of the clinical situation: in BB rats, the presence of relatively severe lymphopenia; in NOD mice, the leukocyte accumulation
(surrounding islets, in peripheral lymphoid organs, and in
salivary glands), plus the ability to recover control over
autoreactive T cells using simple immunostimulation;
and the absence of certain autoantibodies against islet
antigens in both (Atkinson and Leiter 1999; Mordes et al.
2004; Roep 2007; Roep and Atkinson 2004).
Finally, there is the Akita mouse that develops T1D
because of an insulin 2 gene mutation (Yoshioka et al.
1997). The resulting hypoinsulinemia manifests with
albuminuria, glomerular expansion, and sexually dimorphic hyperglycemia (with males experiencing greater
severity than females) starting at approximately 4 weeks
of age (Wu et al. 2014; Yoshioka et al. 1997). This strain is
used primarily to model a primary complication of T1D—
kidney disease—as the profound structural changes in the
kidney manifest in nephropathy.
Multiple rodent strains are used in both diabetes and
obesity research, either via natural mutation or genetic
modification, with considerable overlap. These models
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exhibit a range of disease, from obesity, characteristic of
the more stereotypical expectation of the condition, to
leaner models that develop similar metabolic abnormalities despite maintaining a relatively lean body composition (King 2012). Typically, these spontaneous models
develop at least some of the common metabolic features
that characterize T2D: either an increased resistance to
insulin, an inability of islet cells to respond appropriately
to elevated glucose loads, or both (King 2012; Rees and
Alcolado 2005).
Examples of monogenic models include the obese
Lepob/ob mice (leptin deficient), Lepdb/db (leptin resistant)
mice, and ZDF rats. Polygenic models add complexity
that is more characteristic of human obesity, and examples include KK mice, NZO mice, TallyHo/Jng mice, and
the OLETF rat (King 2012; Rees and Alcolado 2005).
The causative mechanism for obesity, timeline of disease
progression, and sexual dimorphism vary across models,
but they have obesity-induced hyperglycemia in common. While the monogenic models have been the go-to
model as antidiabetic and antiobesity models, the extreme
plasma concentrations of leptin and insulin that induce
uncontrolled hyperphagia, juvenile-onset hyperglycemia,
disturbances in the hypothalamic–pituitary–adrenal axis,
and atypical reproductive function and alterations have
been somewhat mitigated in the polygenic models to more
closely reflect clinical T2D (Coleman 1978; Leiter et al.
2013). Similarly, differing metabolic responses among
the various model strains (e.g., compensatory increase in
insulin production versus failure to compensate) make it
possible to uncover some of the more complex factors that
influence whether or not T2D develops in obese individuals (Rees and Alcolado 2005). Specific genetic defects
related to metabolic abnormalities, such as coding for
reduced insulin production or reduced insulin sensitivity,
have been characterized in nonobese spontaneous models in an attempt to better understand T2D onset in lean
patients (e.g., the Meg1 Tg mouse; Yamamoto et al. 2008)).
Together, these models play a critical role in evaluating
therapies intended to reduce insulin resistance, improve
β-cell function, or characterize novel pathways involved
in insulin signaling and glucose homeostasis.
Surgically Induced Models
T1D can be surgically induced by performing either
partial or complete pancreatectomy, eliminating most or
all of the insulin-producing pancreatic islet cells (He et al.
2011; Mellert et al. 1998; Morel et al. 1991). Development
of diabetes is dependent on resecting the majority of the
pancreas (Bonner-Weir et al. 1983; Kumagai et al. 2002;
Yoshida et al. 2012; Zhang et al. 2011). The procedure is
highly invasive, is technically complex, and has metabolic consequences beyond hypoinsulinemia due to exocrine insufficiency, manifesting in nutritional deficit and
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loss of counterregulatory hormones (He et al. 2011; Yeo
et al. 1997). Surgical induction of T1D is performed in
primates, pigs, and rodents, though the procedure is performed much less frequently in rodents due to the difficulty caused by the diffuse nature of their pancreatic
tissue (Pauls and Bancroft 1949).
This method has been advanced for studies requiring
an absolute deficiency in endogenous insulin, including
those studies that involve β-cell replacement using various transplant technologies. The primary advantage of
this model is that it avoids off-target toxicity, primarily
nephrotoxicity and hepatotoxicity, which can occur with
the chemical ablation of β cells. Disadvantages include
that it introduces a major survival surgery that has welfare
implications and generates a non-naïve abdomen for future
interventions associated with transplantation. If splenectomy was performed as part of pancreatectomy, then the
animal’s normal immunologic response is affected and
is no longer representative of the typical clinical patient.
If intended for transplantation studies, postoperative
adhesions may interfere with delivery or distribution of
transplant products (e.g., encapsulated products in the
intraperitoneal space) delivered via surgical approaches.
Chemically Induced Models
T1D can be induced using the toxic glucose analogues
streptozotocin (STZ) or alloxan to destroy islet function.
Both compounds destroy pancreatic β cells through the
generation of reactive oxygen species (Szkudelski 2001).
STZ is a nitrosourea compound derived from Streptomyces
archomogenes that is used in the clinical setting as a chemotherapeutic agent against pancreatic β-cell carcinoma
(Deeds et al. 2011; Eleazu et al. 2013). For diabetic induction, STZ administration causes β-cell toxicity by entering
cells via the GLUT-2 transporter; accumulates, causing
DNA alkylation, resulting in a T1D-like state with hypoinsulinemia; and consequently leads to uncontrolled hyperglycemia (Lenzen 2008). Alloxan is a synthetic pyrimidine
derivative that directly generates reactive oxygen species
(including hydroxyl radicals) intracellularly that damage, and then destroy, pancreatic β cells (Lenzen 2008;
Lenzen and Panten 1988). While STZ has demonstrated
efficacy as an induction agent in NHPs, rodents, and pigs
(Graham, Janecek, et al. 2011; Graham, Mutch, et al. 2011;
Hara et al. 2008; Koulmanda et al. 2003), mice and rats
have higher β-cell sensitivity to alloxan compared to other
species (Tyrberg et al. 2001), limiting alloxan’s usefulness
to rodents, where the damage to β cells is concentration
dependent. Both agents have the potential to cause extraislet adverse consequences, including renal and hepatic toxicity and their resulting adverse effects (Graham, Janecek,
et al. 2011; Graham, Mutch, et al. 2011).
Similar to surgically induced models, chemical induction of T1D results in loss of endogenous insulin production and a failure to respond to glucose challenge, ideal
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for the investigation of novel β-cell replacement therapies
(Graham and Schuurman 2015). In rodents, repeated mild
doses of STZ are used to damage β cells, which then can
be processed and presented by antigen-presenting cells
(dendritic cells). Because this provokes an autoreactive
response rather than acute β-cell destruction, this model
is also used to evaluate therapies that target the prevention or reversal of immune-mediated β-cell destruction
(Bluestone et al. 2010; Kantwerk-Funke et al. 1991; Like
and Rossini 1976).
Diet-Induced Models
High-fat or “western diet” feeding is an environmental manipulation that promotes obesity and metabolic perturbations. One of the most commonly used diet-induced
models is the high-fat-fed C57BL/6J mouse (Surwit et
al. 1988), in which the proportion of calories from fat
is increased by almost 50%. When exposed to this diet,
C57BL/6J mice rapidly gain weight and develop T2D
characteristics, such as fasting hyperglycemia and concurrent hyperinsulinemia (Surwit et al. 1988). The background strain has a demonstrated effect on susceptibility;
the C57BL/6J strain has a known genetic predisposition
for metabolic dysfunction in the context of diet-influenced
obesity compared with other common strains of mice
given a similar diet (Surwit et al. 1988).
For research questions focused on the role of environment, diet-induced T2D models have the advantage
of investigating the complex interactions that contribute
to T2D. Differences in response to high-fat diet and in
susceptibility to diet-induced T2D among various rodent
strains provide opportunities for investigating mechanisms and factors that alter susceptibility to the disease.
This has the potential to uncover the interplay between
genetic and environmental risk factors of T2D and metabolic syndrome that cause disease and can help identify
therapeutic targets (Heydemann 2016).
Virus-Induced Models
Certain viral pathogens are capable of injuring β cells
and thus promoting autoimmunity, but the progression
is still unclear, since there is evidence of both protective
and detrimental effects of viral infection. While some
etiological studies have linked numerous viruses, including coxsackievirus and cytomegalovirus, with increased
incidence of T1D (Jun and Yoon 2001), other studies
have suggested a possible protective effect conveyed by
other viruses (Filippi and von Herrath 2008). Viral induction has been used as a method to develop T1D rodent
models to better understand the influence of viral pathogens and the role of timing (Christen and von Herrath
2013). Examples of virus-induced models include mice
inoculated with encephalomyocarditis virus that develop
T1D as soon as 3 days after exposure (Yoon 1980) and
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diabetes-resistant BB rats inoculated with the Kilham rat
virus in which 30% of the animals develop T1D several
weeks postinoculation (Guberski et al. 1991). These models are primarily reserved for the study of environmental,
genetic, and immune mechanisms involved in the initiation and progression of T1D.
Combination Induction Methods
Combinations of single-induction mechanisms, as
described earlier, have also been used. Surgical and
chemical induction have been combined in primates,
where partial pancreatectomy followed by low-dose
STZ administration has improved the success rate
of T1D induction (Jin et al. 2010; Qiao et al. 2009).
However, this has the significant disadvantage that animals experience adverse effects associated with each
induction method (e.g., hepatotoxicity, renal toxicity,
and loss of exocrine pancreas functions), introducing greater divergence from the clinical pathology,
which can confound interpretation of study results and
increase welfare burden (Jin et al. 2010; Qiao et al.
2009). On the other hand, combined models can add
complexity that improves generalizability to the clinical situation. Spontaneous models are combined with
environmental manipulations to study pathophysiological mechanisms of disease. For example, NOD mice
have been used as targets for viral inoculation to assess
effects on diabetes incidence relative to unmanipulated
NOD mice (Jun and Yoon 2001).
VALIDITY IN ANIMAL MODELS
Each of these well-established models for diabetes and
metabolic syndrome confer certain advantages and disadvantages for studying various aspects of disease, with
none being able to precisely recapitulate every feature of
the clinical condition (Figure 18.1). It is usually necessary
to employ more than one model type and species at various stages of research toward translation.
Model Species Differences
Rodent models, most commonly mice and rats, are
primarily used in diabetes research due to the highly
characterized methods, functional assays, and availability of numerous genetically engineered strains designed
specifically for relevant research applications. While the
physiological disparity is still greater between rodents
and humans compared with large animal models, rodents
remain highly important for mechanistic evaluations and
for the initial screening of a variety of therapies and interventions. Subsequently, large animals are typically used
to thoroughly evaluate clinical efficacy and safety. As an
example, β-cell transplantation protocols are assessed for

BK-TandF-STEINBRUCHEL_9781138341807-200373-Chp18.indd 465

465

metabolic efficacy in diabetic rodent models prior to application in more robust and immunologically complex primate models (Ballinger and Lacy 1972; Scharp et al. 1975).
In an attempt to reduce the extent of physiological differences between rodents and the clinical patient, humanized
mouse strains have been developed to improve the translational value of results in rodent models (Brehm et al. 2010).
Pigs have been especially useful in studying diabetic
complications stemming from T2D and potential ways
to prevent them due largely to similarities in metabolic
patterns and cardiovascular and digestive system anatomies to those observed in humans (Swindle et al. 2012).
Pigs develop dyslipidemia and atherosclerosis in the context of metabolic dysfunction and obesity (Fricker 2001;
Gerrity et al. 2001). Similarly, highly successful genetic
engineering of pigs is expanding available engineered
models to investigate the mechanisms leading to these
complications (Shim et al. 2016). Further, similarities in
metabolism enable pigs to be effective models for studying the impact of dietary changes on existent metabolic
dysfunction (Koopmans et al. 2006). Immunological differences between pigs and humans and lack of antibody
cross-reactivity make them less well-suited for studying
transplantation therapies than primates and genetically
modified rodents (Graham and Schuurman 2015).
Primates most closely resemble human anatomy, physiology, genetics, immunology, life span, and complexity
of biological responses to the environment. Metabolic
physiology between primates and humans is similar in
lipogenesis, thermogenesis, glucose utilization, and hormone signaling (Moran et al. 2005; Pound et al. 2014).
Spontaneous T2D develops with a similar progression to
humans in captive primates with characteristic features,
including insulin resistance and islet amyloidosis (De
Koning et al. 1993; Hansen 1989). Advanced imaging,
functional assays, and sophisticated surgical approaches
are possible with primates under conditions that cannot be controlled in the human (e.g., diet and variable
environmental exposure) or obtained from patients (e.g.,
serial or terminal samples). Primate models have demonstrated high predictive validity in treatments, with some
examples including GLP-1, omega-3 fatty acid, and regenerative medicine advanced (cell-based) therapies (Bremer
et al. 2013; Heppner et al. 2015; Knechtle et al. 2019;
Nyborg et al. 2012), making primate models a top choice
for translational safety and efficacy trials.
Clinical Presentation and
Pathophysiology in Animal Models
Aside from species selection, arguably the most influential factor in model validity is the underlying pathophysiology and resultant clinical presentation of the disease
of interest. The induction method and species interact to
affect model performance, and differences in methods
have a substantial impact on how well a particular model
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Figure 18.1 Models used in diabetes research.
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represents the true pathophysiology of a specific disease.
For example, chemical induction via STZ has been used
extensively in rodents, NHPs, and swine, demonstrating
how species choice and variations in induction protocol
can affect disease expression and model validity.
The primary difference observed in STZ-induction
protocols is related to dose administered. Dosing strategies attempt to carefully balance proper efficacy in eliminating pancreatic β cells to induce a T1D-like state of
glucose intolerance and hypoinsulinemia (contributing
to face validity), while at the same time, minimizing the
risk of extra-islet toxic effects that introduce potentially
confounding pathophysiological effects not typically
observed in the clinical diabetic state. Other variations
in regimens relate to the timing of administration (e.g.,
a large single dose versus multiple smaller doses), which
may affect the precise mechanism of β-cell destruction (Wei et al. 2011). Animal characteristics, such as
age, obesity, surgical stress (combined pancreatectomy
models), and even source (Graham, Janecek, et al. 2011;
Graham, Mutch, et al. 2011), affect susceptibility and
β-cell resiliency to STZ effects, which has the potential
to introduce unintended variability.
STZ is capable of inducing a diabetic state in each
of the primary animal models (Table 18.1); however, the
manifestation of disease (face validity) is dependent on
both subject and dose. In male Sprague-Dawley rats fed
a normal diet, 25 mg/kg STZ failed to produce hyperglycemia; 35 mg/kg STZ produced small increases in

hyperglycemia without significant hypoinsulinemia; and
45 mg/kg STZ produced a more significant hyperglycemia, accompanied by T1D-characteristic hypoinsulinemia
(Srinivasan et al. 2005). Similar dose-dependence has also
been observed in NHPs and swine (Gäbel et al. 1985; Pitkin
and Reynolds 1970). High-dose STZ rapidly induces diabetes characterized by persistent negative C-peptide and
frequent glycemic excursions. Low-dose STZ often leads
to partial β-cell loss, with transient diabetes that is followed
by a return to normoglycemia (Pitkin and Reynolds 1970).
The efficacy of an induction technique plays a major role
in a study’s validity, as a diabetic model that is not completely representative of the disease may reduce the value
of a study’s findings. If the STZ dose is insufficient, mild
hyperglycemia and residual endogenous insulin production may not represent the degree of metabolic challenge
expected in the clinical situation or may overestimate the
efficacy of the therapy. The design of the model must establish the diabetic status in the most rigorous way by evaluating metabolic function, discussed later.
Similarly, dose-dependent, off-target pathophysiological effects can exacerbate underlying physiological mechanisms of disease or interact with experimental
therapies, potentially confounding study results. STZ
can lead to transient changes in renal and liver function, with a greater risk for toxicity with escalating STZ
doses (Dufrane et al. 2006; Graham, Mutch, et al. 2011).
Various manifestations of these toxic effects can be
observed in Table 18.1. These adverse effects not only

Table 18.1 Overview of Methodological Variances Related to Validity in Streptozotocin-Induced Diabetes
Animals

Induction Protocol/STZ Dose

Metabolic Effects

Adverse Effects

A. Rodents
Male Sprague-Dawley Rats
(Srinivasan et al. 2005)

Albino Sherman-Strain Rat
Fetuses
(Gestation ages: 17.5 – 20.5
days)
(Portha et al. 1974)

25 mg/kg (I.P.)
+
Normal or High-Fat Diet (HFD)
35 mg/kg (I.P.)
+
Normal Diet
35 mg/kg (I.P.)
+
HFD
45–55 mg/kg (I.P.)
+
Normal or HFD
100 mg/kg
(I.V.)

Albino Sherman-Strain Rat
Newborns
(Portha et al. 1974)

No significant hyperglycemia
No change in plasma insulin

No significant side effects

Slight hyperglycemia
No change in plasma insulin

No significant side effects

Hyperglycemia (> than
normal diet rats receiving
35 mg/kg STZ)
Decrease in plasma insulin
Diet-independent
hyperglycemia and insulin
deficiency
No hyperglycemia produced
in any fetus
Severity of insulin decline
increased with administration
age (greatest effect at 20.5
days)
Transient hyperglycemia
lasting ~5 days
Large decrease in plasma
insulin by day 2, with
progressive return to
baseline (70% of normal
value on day 21)

Decrease in body weight
Polyphagia, polydipsia, polyuria
Decrease in body weight in HFD
rats
Increased mortality risk in
17.5-day-old fetuses
(injection trauma-, not
STZ-related)
Increased mortality risk
(STZ-related)

(Continued)
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Table 18.1 Overview of Methodological Variances Related to Validity in Streptozotocin-Induced Diabetes (Continued)
Animals

Induction Protocol/STZ Dose

Metabolic Effects

Adverse Effects

Male Wistar Rat Adults

40 mg/kg
(I.V.)

Histological evidence of kidney
toxicity
Elevated creatinine and urea

Male Wistar Rat Pups (2 days
old) (Shinde and Goyal
2003)

90 mg/kg
(I.P.)

Nude Mice
(Graham, Janecek, et al. 2011)

160–240 mg/kg
(I.P.)

Hyperglycemia lasting 6+
weeks postinduction
Decrease in plasma insulin
Decrease in insulin
sensitivity
Hyperglycemia lasting 6+
weeks postinduction
No change in plasma
insulin
Decrease in insulin
sensitivity
Persistent, insulindependent hyperglycemia
at 72 hours in >95% of
animals
Source/vendor-dependent
STZ sensitivity

Male Wistar Rats (6–8 weeks
old) (Dufrane et al. 2006)

50 mg/kg
(I.V.)
150 mg/kg
(I.V.)

Fasting hyperglycemia at 1
and 4 weeks postinduction
Elevated IVGTT AUCglc and
K value
Reduced mean islet volume
density

Spontaneously Hypertensive
Rat Neonates
(Iwase et al. 1986)

25.0 mg/kg
(I.P.)

No significant hyperglycemia
Slightly elevated HbA1C
(less than that observed in
higher doses)
Dose-dependent
hyperglycemia by day 2,
persisting at 8 and 12
weeks
Elevated HbA1C

37.5–75.0 mg/kg
(I.P.)

Histologic evidence of kidney
toxicity
Histologic evidence of hepatic
toxicity
Elevated creatinine and urea
Significantly higher frequency of
complications (weight loss,
respiratory distress, glycemic
excursions) in JAX and TAC
mice
Survival with no complications:
17% TAC, 13% JAX, 92% CRL
Lowered dose increased
survival time in JAX/TAC mice
with no impact on time to
diabetes, BG level, or insulin
requirement
No significant side effects
Lethal renal acute tubular
necrosis and hepatic
steatosis
Elevated creatinine, ALT,
and AST
No significant side effects

Glucosuria at all doses
Reduced weight gain compared
with <50.0 mg/kg STZ cohorts

B. Pigs
Outbred Large White Female
Pigs
(Hara et al. 2008)

150 mg/kg
(I.V.)

200 mg/kg
(I.V.)

Juvenile Landrace Pigs
(12–15 weeks old) (Dufrane
et al. 2006)

50 mg/kg
(I.V.)
150 mg/kg
(I.V.)
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Hyperglycemia >200 mg/dL
in all pigs
Reduced but detectable
insulin and C-peptide after
fasting, meal tests, and
IVGTT
Persistent hyperglycemia
>200 mg/dL in all pigs
Complete insulin/C-peptide
deficiency at 5-month
follow-up
No significant hyperglycemia
No change in IVGTT AUCglc
or K value
Hyperglycemia at 1 and
4 weeks (closer to baseline
at 4 weeks)
Elevated AUCglc at 1 and
4 weeks (closer to baseline
at 4 weeks)
No significant change in
IVGTT glucose K value
Decreased insulin at 1 and
4 weeks (closer to baseline
at 4 weeks)

No significant side effects
Slightly elevated serum creatinine
in 1 of 3 pigs

No significant side effects
Elevated serum creatinine
over 20-week follow-up
(likely associated with
diabetic condition versus
the STZ itself)
No significant side effects
No significant increase in
creatinine, ALT, or AST
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Table 18.1 Overview of Methodological Variances Related to Validity in Streptozotocin-Induced Diabetes (Continued)
Animals

Induction Protocol/STZ Dose

Metabolic Effects

Adverse Effects

Male Yorkshire × Landrace
Crossbred Swine (Ramsay
and White 2000)
Juvenile Swedish White
Landrace
(9–12 weeks old)
(Gäbel et al. 1985)

120 mg/kg
(I.V.)

Hyperglycemia (360%
increase in serum glucose)
Complete insulin deficiency
No significant hyperglycemia
No change in plasma insulin
Slight reduction in β cells on
histology
Transient diabetes (3–5
days), with normalization of
glucose, insulin response
index, and glucose
elimination rate within 2
weeks
Irreversible diabetes over
2.5–7 months (persistent
hyperglycemia and reduced
insulin production)
Persistent diabetes
(insulin-dependent
hyperglycemia) maintained
for 26-week period
Complete loss of β cells on
immunohistochemistry
Persistent marked
hyperglycemia and insulin
deficiency
Mild improvement in the
diabetic state over 12+
months in 3 of 7 pigs

No significant side effects

Yorkshire Landrace pigs
(9–18 weeks old) (Grüβner
et al. 1993)

Hanford Pigs (Marshall 1979)

35 mg/kg
(I.V.)
85 mg/kg
(I.V.)

100 mg/kg
(I.V.)
150 mg/kg
(I.V.)
150 mg/kg (I.V.)

30 mg/kg followed by 60 mg/
kg 8 days later (I.V.)

Longer survival times versus
comparison pancreatectomized
animals
Transiently elevated bilirubin,
α-amylase, liver functional
value, and serum electrolytes in
100–150 mg/kg cohorts

No significant side effects
No toxic renal or hepatic changes

Glucosuria
Elevated plasma bilirubin
Diabetes remained
uncomplicated, with no evidence
of ketoacidosis or elevated
proteinuria

C. NHPs
Male Cynomolgus Monkeys
(3–6 years old) (Koulmanda
et al. 2003)

55 mg/kg
(I.V.)

Female Adult Rhesus
Monkeys
(Pitkin and Reynolds 1970)

30 mg/kg
(I.V.)

100 mg/kg
(I.V.)

45 mg/kg
(I.V.)

60 mg/kg
(I.V.)

Cynomolgus Monkeys (6–8
months old) (Theriault et al.
1999)

150 mg/kg
(I.V. via central vascular
access port (VAP))

Insulin-dependent
hyperglycemia within 24
hours
C-peptide <0.6 ng/mL
persisting for a full year

No significant hyperglycemia
or change in glucose
tolerance
5 of 7 moderately
hyperglycemic with relative
hypoinsulinemia
1 of 2 normoglycemic
animals had impaired
glucose tolerance
Decreased number of
pancreatic islets in
diabetic animals on
histology
2 of 2 markedly
hyperglycemic with
relative hypoinsulinemia
Decreased number of
pancreatic islets in
diabetic animals on
histology
All animals persistently
hyperglycemic and insulin
deficient
No insulin response
(C-peptide) to glucose
challenge (IVGTT)

No significant side effects
No significant increase in kidney
or liver values
Elevated creatinine, BUN,
bilirubin
Histological evidence of acute
renal tubular injury and severe
hepatic steatosis
No significant side effects
1 of 7 experienced progressive
acidosis requiring euthanasia
Glycosuria in hyperglycemic
animals

1 of 2 experienced progressive
acidosis requiring euthanasia
Glycosuria in both animals

Transiently elevated BUN and
hepatic enzyme values that
returned to normal within
3 days
Minor microscopic renal
abnormalities on necropsy
No significant extra-islet organ
toxicity
(Continued)
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Table 18.1 Overview of Methodological Variances Related to Validity in Streptozotocin-Induced Diabetes (Continued)
Animals

Induction Protocol/STZ Dose

Metabolic Effects

Adverse Effects

Male Cynomolgus Monkeys
(Rood et al. 2006)

60 mg/kg
(Sigma Chemical Company
STZ)
(I.V.)
105 mg/kg
(Sigma Chemical Company
STZ)
(I.V.)

All animals persistently
hyperglycemic within 30
hours post-STZ
60 mg/kg cohort maintained
some β-cell function and
lacked complete insulin
deficiency

No significant side effects

150 mg/kg
(Zanosar STZ)
(I.V.)
Rhesus
(2 years old) Cynomolgus)
(4–6 years old)
Pigtail Monkeys
(8–10 years old)
(Tal et al. 2004)

Male Rhesus Monkeys
(2–3 years old)
(Jin et al. 2010)

Cynomolgus Monkeys (3–6
years old)
(Dufrane et al. 2006)

Cynomolgus
(3–7 years old)
and
Rhesus Monkeys
(2–7 years old)
(Graham, Mutch, et al. 2011)

50–70 mg/kg
(I.V.)
(Divided into 3 doses injected
to the common hepatic,
celiac, and proximal splenic
arteries)
+
Proper hepatic artery and left
gastric artery temporary
embolization
80 mg/kg
(I.V.)

All persistently
hyperglycemic (>200 mg/
dL) within 24 hours
Remained C-peptidenegative at 10-month
follow-up

100 mg/kg
(I.V.)

Hyperglycemia
Decreased number of islets
(to greater extent than 80
mg/kg cohort)
Lower insulin values
compared to 80 mg/kg
cohort
Hyperglycemia developed
within 1 week
Elevated fasting BG at 1 and
4 weeks postinduction
Elevated HbA1C 1 month
postinduction
Elevated IVGTT AUCglc at 1
and 4 weeks postinduction
Reduced mean islet mass

120 mg/kg
(I.V.)
50 mg/kg
(I.V.)
150 mg/kg
(I.V.)

100 mg/kg (Zanosar)
(I.V. via VAP)
80-108 mg/kg (based on BSA
dosing of 1050-1250 mg/m2)
(Zanosar)
(I.V. via VAP)
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Hyperglycemia
Decreased number of
normal islets

Successful diabetes
induction in 96% of
animals, confirmed by
persistent hyperglycemia
and negative response to
islet stimulation (IVGTT
and/or AST)
Weak significant relationship
observed between dose
and diabetic status
(measured by C-peptide) in
cynomolgus monkeys but
not rhesus

4 of 4 vomited shortly after STZ
administration
3 of 4 developed protein-losing
nephropathy
No significant increases in liver
functional enzymes
3 of 5 vomited shortly after STZ
administration
No other significant side effects
observed
1 (of 14) mortality due to gastric
dilatation 1 week postdiabetes
induction
2 of 14 macaques exhibited acute
vomiting and transient
tachycardia during STZ
administration
No kidney or liver abnormalities
in chemistry or postmortem
histology
Elevated creatinine, BUN, ALT,
and AST
Histological evidence of hepatic
steatosis and renal glomerulus/
tubular injury
1 of 3 died within 2 weeks
Elevated ALT, AST, CREA, BUN
Histological evidence of hepatic
steatosis and renal glomerulus/
tubular injury
100% mortality within 2 weeks
No effect on renal or hepatic
function
Polyuria, polydipsia, glycosuria
Lethal renal acute tubular
necrosis and hepatic
steatosis
Elevated creatinine, ALT, and
AST
Polyuria, polydipsia, glycosuria
Large-scale mixed demographic
evaluation demonstrated
association between adverse
events with risk factors such as
body weight, age, and STZ
dose
Transient laboratory
abnormalities (kidney/liver
function) observed in one third
to half dependent on species
and risk factors. Less than 10%
of animals experienced clinical
adverse events (acute renal
failure, metabolic acidosis,
pulmonary edema, diabetic
ketoacidosis)
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place an increased burden on animals but also threaten
construct validity by introducing comorbidity not present in the clinical situation. A model may perfectly
manifest the diabetic state yet have limited utility due to
an inability to separate intended disease processes from
unintended side effects. It is essential to fully assess the
planned model for relevance to the scientific questions
of interest to achieve rigorous and reproducible experiments that support research goals.
TESTS FOR METABOLIC FUNCTION
Evaluating Diabetes/Metabolic Status
Measurement and characterization of the metabolic
state allow for detailed analyses of the diabetic condition,
including severity of the disease; the metabolic changes
leading to the disease state; and whether or not, by what
mechanism, and to what extent the condition is changing
over time. Ideally, available tests should encompass all
of the physiological components of metabolic dysfunction that ultimately make up these disorders, including
β-cell functionality (insulin-secretion capacity), tissue
sensitivity to insulin (i.e., insulin resistance), and the root
metabolic issue of glucose intolerance (Bowe et al. 2014).
Techniques to measure metabolic function vary along
with model-specific considerations, and the research question should drive the selection of appropriate methods for
assessing metabolic phenotypes.
Tolerance Tests (IVGTT, IPGTT,
OGTT, MMTT, AST)
A primary feature of metabolic dysregulation is deviation from normal glucose homeostasis, which manifests as
the inability to properly regulate glucose levels following
exposure to a high glucose load. This relative glucose intolerance is expressed as a dampened response by the body
to elevated glucose levels in the blood, leading to reduced/
delayed glucose absorption into tissue and a greater-thanexpected level of glucose remaining in the bloodstream.
Several frequently used “tolerance tests” are used to evaluate the ability to respond to high glucose, with each test
differing primarily in the delivery method of the glucose
load. The glucose tolerance tests assess glucose disposal
following intravenous injection (IVGTT), intraperitoneal injection (IPGTT), or oral dose (OGTT) (Staup et al.
2016; Stumvoll et al. 2000). The mixed-meal tolerance
test (MMTT) uses a balanced meal (with a determined
number of calories coming from proteins, carbohydrates,
and lipids) as the source of glucose exposure under more
physiologic conditions (Besser et al. 2013). Glucose exposure differs by test to allow for the assessment of glucose
homeostasis in different compartments that may result in
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slightly altered metabolic responses. OGTT and MMTT
account for the incretin effect that amplifies insulin secretion (Michaliszyn et al. 2014; Rask et al. 2001). IPGTT and
IVGTT do not assess incretin effects, but rather first-phase
insulin response (Preitner et al. 2004; Salinari et al. 2009).
Animals are fasted for a defined period prior to test initiation to allow for the precise management of glucose exposure in each test. First-phase insulin secretion can also be
assessed using the arginine stimulation test (AST), even in
the presence of hyperglycemia. Arginine is a nonglucose
secretagogue of insulin (Ward et al. 1984). In animals with
poor glycemic control, arginine provides an advantage over
glucose administration in that it only lasts for a short duration and does not exacerbate hyperglycemia (Greenbaum
et al. 2004). AST has similarly proven useful in estimating β-cell mass, which can be highly useful in determining
therapeutic benefit (e.g., preservation of β cells, enhanced
insulin secretion, or both) (Robertson et al. 2015).
Despite slight differences in protocols, the basis
of GTT is the same: assess baseline blood glucose and
insulin levels before glucose administration, and measure the change at serial time points after glucose load
exposure. Special attention is given to various aspects of
these measurements, including peak glucose and insulin
levels (and time to reach these peaks); time for glucose
to return to baseline; area under the curve (AUC), as a
measure of total glucose exposure in the bloodstream
over time; and calculations of glucose clearance rate, K
(Staup et al. 2016).
β-Cell Function (Clamp)
One of the major factors that can contribute to abnormal glucose homeostasis is a decrease in the capacity of
pancreatic β cells to produce insulin. Without adequate
insulin secretion from these cells, the body’s tissues do
not receive the appropriate signal needed to absorb excess
blood glucose. When identifying the mechanisms influencing metabolic dysfunction and abnormal glucose
homeostasis, it is important to assess this insulin secretory capacity.
Historically, one of the more commonly used methods to asses β-cell function has been the hyperglycemic
clamp technique. The hyperglycemic clamp works by
inducing, and then maintaining, a predetermined level of
hyperglycemia via a continuously adjusted rate of intravenous glucose infusion (DeFronzo et al. 1979). Blood
glucose is frequently measured during the test so that glucose infusion can be adjusted accordingly to maintain the
appropriate hyperglycemic state, while samples for insulin measurement are collected at various predetermined
time points (Bowe et al. 2014). Because the animal is in
a constant, insulin-requiring, hyperglycemic state, insulin levels over time indicate (1) the capacity of the animal’s β cells to respond to hyperglycemia and (2) how this
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secretion changes over time in the context of a continuous
elevated glucose load. If endogenous insulin secretion is
normal in relation to glucose level, an evaluation of insulin action can be considered (i.e., euglycemic clamp).
Insulin Sensitivity/Resistance
In addition to decreased β-cell secretory capacity,
insulin resistance is a major contributing factor to metabolic dysfunction and abnormal glucose homeostasis.
If tissues do not respond to insulin with the appropriate
degree of glucose absorption, a hyperglycemic state may
persist despite sufficient insulin secretion.
A modified clamp technique, the euglycemichyperinsulinemic clamp, measures tissue sensitivity to
insulin (DeFronzo et al. 1979). A hyperinsulinemic state
is maintained by the continuous infusion of exogenous
insulin, while at the same time, a constant, euglycemic
state of predetermined blood glucose level is maintained
via continuous glucose infusion. As there is a constant
insulin signal for tissues to absorb glucose, the primary
determinants of the glucose infusion rate required to
maintain constant glucose levels are how responsive tissue
is to insulin signaling and how effective it is at absorbing
glucose (DeFronzo et al. 1979; Kim 2009).
The cost and complexity of clamp studies have
prompted surrogate measures of insulin resistance, most
notably the “homeostatic model assessment of insulin
resistance” (HOMA-IR) and the “quantitative insulinsensitivity check index” (QUICKI). These surrogate measures provide an estimate of insulin sensitivity based on
calculations using concurrent fasting blood glucose and
fasting insulin levels (Bowe et al. 2014; Chen et al. 2005;
Wallace et al. 2004). Each of these surrogates is based
on mathematical modeling developed from experimental
data intended to represent the relationship between glucose and insulin in the basal state (Matthews et al. 1985;
Wallace et al. 2004) and have been validated against
other direct measures of insulin resistance, including the
euglycemic-hyperinsulinemic clamp (Bowe et al. 2014;
Chen et al. 2005; Matthews et al. 1985; Wallace et al.
2004). Clinically, it is generally accepted that HOMA-IR,
QUICKI, and similar surrogate measures are able to provide a reasonably accurate estimate of insulin sensitivity, while avoiding the technical complications and more
burdensome procedures required for direct physiological
tests. Because the mathematical assumptions and extensive population data basis for these surrogates are based
on human clinical norms, use in animal models is somewhat limited (Antunes et al. 2016; Wallace et al. 2004).
Further Metabolic Monitoring
Besides tests used to measure specific functional
components of metabolism and to determine how
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animals respond to various artificial conditions, the
metabolic state and efficacy of therapeutic interventions
can also be assessed by both short- and long-term measurements of blood glucose levels and other biochemical markers. For trend assessment of how blood glucose
changes over the course of the day relative to daily events
and the circadian rhythm, continuous glucose monitoring (CGM) can be used, either as a wearable device or
an implanted telemetry device (Wang et al. 2017). CGM
allows for the assessment of several measures relating to
glucose homeostasis that would otherwise be unknown,
especially those related to temporal patterns of glucose
variability. CGM can reveal the pattern of glucose peaks,
minimums, and lability.
On the other end of the spectrum, HbA1c is a measure of glycated hemoglobin in the blood, and acts as
an indicator of long-term average blood glucose levels
over several weeks to months. Higher HbA1c values
are indicative of red blood cells having a greater average exposure to glucose over the course of their lifespan,
signifying higher blood glucose, on average, over several weeks to months (Marigliano et al. 2011). HbA1c
is a useful tool for assessing long-term trends in glucose
homeostasis. Progressively increasing HbA1c is an indicator of poor diabetes control, and the risk of complications is directly proportional to HbA1c level (Diabetes
Control and Complications Trial Research Group 1995;
Zoungas et al. 2012).
A complete blood count with differential, chemistry, lipid
profile, and urinalysis are useful to evaluate overall health
status and monitor for diabetic complications. C-peptide,
insulin, and glucagon can be measured to characterize the
metabolic status of the animal and responsiveness to meal
challenge. C-peptide can be used as a surrogate measure of
endogenous insulin production in the presence of exogenous
insulin support. Finally, tissue biopsy of the pancreas can
provide definitive assessment of islet morphology and function (Bosco et al. 2010; Cabrera et al. 2006; Kilimnik et al.
2012; Kim et al. 2009; Steiner et al. 2010).
Challenges
While many tools are available for the thorough
assessment of an animal’s metabolic state, few are perfect, and further protocol standardization and speciesbased adjustments are required to ensure optimal levels
of validity from the results these tests provide. Many tests
vary from study to study as a result of potentially resultinfluencing methodology, including glucose loading doses
in tolerance tests, length of fasting prior to collection of
samples, and whether tests are performed in an awake or
sedated animal. The full effects that many of these variables may have on metabolic testing interpretation have
not been thoroughly studied, posing a possible issue with
cross-study comparisons of metabolic dysfunction and
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treatment efficacies. As an example, it has been reported
that macaques not accustomed to physical restraint for
blood sampling have elevated glucose levels compared
to those that have been acclimated to the sampling procedure, suggesting restraint stress can confound glucose
measurements (Lapin et al. 2013). Chemical restraint
can also affect glucose levels directly, but also indirectly,
by affecting appetite. Rodents sedated with a ketamine/
xylazine combination had elevated glucose levels compared to those sedated with ketamine alone, and ketamine
administration in macaques is associated with reduced
food intake (Saha et al. 2005; Springer and Baker 2007).
The differences in practices and protocols between studies
may alter results in yet-to-be-determined ways. Because
fasting, husbandry, handling, diet, and sampling techniques vary and influence the interpretation of test results,
it is essential to present complete methods when reporting
data. Further standardization and species-specific modifications of these metabolic tests may be beneficial for
enhancing testing consistency and improving the validity
of interpretations based on these metabolic measures.
WELFARE ASPECTS THAT INFLUENCE
TRANSLATIONAL VALUE
Considering welfare at the highest level has not only
an ethical imperative but also deserves equal scientific
considerations. Limiting model-imposed stressors and
maximizing animal well-being can play a significant role
in improving study validity and the translational value of
a given model (Crockett et al. 1993; Gärtner et al. 1980;
Gouveia and Hurst 2013; Graham et al. 2012; Keijer et al.
2019; Lapin et al. 2013; Martin et al. 2010; Morakinyo
et al. 2016; Morrow-Tesch et al. 1993; Shirasaki et al.
2013; Springer and Baker 2007). Disease modeling, especially metabolic, imposes a substantial disease burden
due to the intensive monitoring and management that are
required as part of proper clinical management, and care
must be taken to reduce this burden whenever possible.
Induction-dependent adverse effects (e.g., surgery, toxicity, severe glycemic instability), stress related to intensive
disease management (e.g., scheduled handling, restraint,
blood collection), and novel therapeutic interventions are
factors that can reduce welfare directly or indirectly while
concurrently impairing a model’s translational value
(Graham and Prescott 2015). Models may represent the
clinical situation more closely by using techniques that
enhance welfare, bringing significant benefits to both the
animal and the predictive value of the work (Figure 18.2).
Housing/Sociality/Play
Housing animals in an environment designed to provide and encourage enrichment, sociality, and play is an
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important aspect of welfare that allows animals to express
species-typical behaviors, while improving environmental construct validity (Bayne and Wurbel 2014; Burrows
et al. 2011; Martin et al. 2010). “Standard” housing environments, which trend toward ad lib diets and promote
sedentary lifestyles rather than more naturalistic scenarios have been shown to push animals toward “metabolic
morbidity,” posing a threat to validity, where sedentary lifestyle is not the intended experimental construct
(Martin et al. 2010). Likewise, restrictive housing can
promote abnormal behaviors, interfere with physiologic
regulation, limit sociality, and increase sensitivity to normal environmental variability, which introduces stressors
that affect study results (Bayne and Wurbel 2014; Burrows
et al. 2011; Martin et al. 2010; Sorge et al. 2014). Even
temperature in combination with nest materials or lack
thereof affects thermoneutrality and metabolic output
(Dudele et al. 2015; Keijer et al. 2019). Among the ways
to enhance environmentally dependent well-being are the
use of social housing, the provision of enrichment that is
cognitively stimulating, and the creation of a setting that
promotes expression of species-typical behaviors (e.g.,
foraging and nest building).
Instrumentation (VAPs, Telemetry,
Activity Monitoring)
The use of refined instrumentation plays a major
role in supporting clinically relevant trial design and
increases physiologic data capture while minimizing
exposure to aversive stimuli. Vascular access ports
(VAPs) are used in large animals for routine intravenous blood sampling and fluid, drug, and biological
product administration. VAP implantation is representative of what occurs in the clinical setting in patients
requiring frequent, stable vascular access and simplifies sample collection to the extent that animals can
easily cooperate rather than requiring the chemical
or physical restraint that is typically employed for
conventional IV access (Graham et al. 2010; Mutch
et al. 2018). Circumventing the stress associated with
conventional IV access avoids confounding stressinduced metabolic and physiologic changes during
sampling and drug administration.
Similarly, telemetry devices allow for the minimally
invasive serial monitoring of physiologic/metabolic
parameters (e.g., blood pressure, heart rate, respiration,
activity, CGM) in small and large animals (Cengiz and
Tamborlane 2009; Huetteman and Bogie 2009; Kramer
and Kinter 2003; Van Den Buuse 1994; Wang et al. 2017).
Telemetric measurements are recorded in freely moving animals, providing continuous data in relation to
study events, with the intent of avoiding the confounding
effects imposed by scheduling- or handling-related stress
(Huetteman and Bogie 2009).
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Figure 18.2 Refinements that improve animal well-being and reduce model-imposed confounding. (A) Cooperative presentation
of vascular access for fluid administration, with social support from partner. (B) Working with caregivers in the familiar
home environment to facilitate inductive charging of bioartifical pancreas device. (C) (upper panel) Semi-naturalistic
housing for rats that supports burrowing, climbing, and upright standing and (lower panel) rats “bobbing” for peas as
a reward posthandling. (D) Environment designed to foster species-typical behaviors and socialization, adult male
macaques sharing a small dip pool.

In animals modeling metabolic dysfunction, the
amount of spontaneous physical activity is often an
experimental parameter related to metabolic status and
can also be an indicator of animal well-being. Activity
measures require instrumentation that does not distract
the animal or alter behavior yet provides reliable, continuous monitoring of movement. A variety of instruments
have been used to achieve these goals, including infrared beams, video analysis, telemetric devices, and a variety of accelerometer/gyroscope-based devices (Mann
et al. 2005).
Cooperative Handling
The diabetic state requires frequent handling as part
of proper medical management. This, together with additional experimental manipulation, imposes stressors relating to loss of choice and control, negatively affecting both
the translational value of the model and animal welfare
(Graham et al. 2012). Evaluating preference, using skilled
handling, and training animals for cooperation with husbandry and medical procedures all present an important
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opportunity for refinement. Skilled handling and acclimation to procedures position animals to perceive procedural
manipulation as neutral, or even positive, if human contact
is perceived as routinely rewarding (Deacon 2006; Gouveia
and Hurst 2013; Hurst and West 2010). In the absence of
cooperation, animals can develop anxiety, together with
exaggerated stress responses, that are detrimental to animal well-being and introduce experimental variability.
Training large animals, using positive reinforcement, significantly reduces stress associated with husbandry, veterinary, and experimental procedures and creates a positive
bond between the animals and caregivers, improving welfare and enhancing scientific validity (Graham et al. 2012;
Laule et al. 2003; Prescott and Buchanan-Smith 2016;
Reinhardt 2003; Schapiro et al. 2003).
CONCLUSION
The life-changing diabetes therapies used today in
millions of patients were discovered and developed in animal models. Rodent models have proven highly valuable in
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studying pathogenesis and disease prevention (King 2012;
Kleinert et al. 2018; Rees and Alcolado 2005). Large animal models, especially NHPs, have demonstrated translational value in testing β-cell replacement strategies, gene
therapy, and immunosuppressives to prevent rejection of
transplants (Graham and Schuurman 2015; Knechtle et al.
2019; Renner et al. 2016). It is essential to select a model
that recapitulates as much target physiology as possible
by considering divergence between the animal model
and the clinical condition and also the species and model
differences in pathogenesis, especially those related to
the diabetic state. Proper management of the animals’
environmental, social, behavioral, and medical needs is
essential to avoid stressors that result in confounding of
highly stress-sensitive outcome parameters. Diabetes care
is increasingly sophisticated, and refinement can be used
to improve rigor and reproducibility and to make animal
models more translational, yielding more effective treatments for patients.
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INTRODUCTION
Animals are constantly learning, and animal training is a way of guiding that learning in a direction that is beneficial for our ability to care for and create relationships with the animals. Animal
training as a concept is often used broadly and with different meanings. Sometimes it may refer to
habituation or socialization and sometimes to successful ways of handling animals. In this chapter
animal training is defined as the modification of an animal’s behavior by the systematic and wellplanned use of operant and classical conditioning techniques.
The practical approach to animal training should be science-based. The training methods should
build on scientific studies demonstrating the effect of stimuli on the behavior of animals both in
associative and non-associative learning (see Chapter 5). Among the pioneers, on whose work
the training techniques are built, were B.F. Skinner, E.L. Thorndike, and Ivan Pavlov, who – by
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modifying the animals’ environment – were able to change their behavior through careful,
hypothesis-driven research. These pioneers established the principles of operant and classical learning and were able to predict and modify the behavior of animals.1–3 These scientific principles form
the basis of various practical disciplines such as behavior analysis in human psychology and animal
training technology and methodology.
To ensure future professional development of science-based practical animal training, animal
trainers worldwide should use the same terminology to communicate, teach, and discuss all the
practical elements of animal training. A consistent terminology is important to promote clarity
and avoid misunderstandings. For example, the word “rewarded” is often used instead of or interchangeable with the word “reinforced” and in the same manner the “reinforcer” is sometimes
referred to as a “reward” and vice-versa. However, often the word “reward” is also used in a
broader sense, meaning “something that is given in return for good or evil done or received or
that is offered or given for some service or attainment” (as defined by Merriam-Webster online
dictionary). A reward is thus not necessarily given to increase the possibility of a certain behavior.
A reward may of course in some situations have a reinforcing effect, whereas at other times it is
merely a consolation. When discussing stimuli specifically linked to an operant procedure in a
training set-up, we suggest always using the term “reinforcer.” In the same way, the word “punishment” may by some readers be considered to indicate a severe, aversive event, perhaps even something that may injure the punished individual. The terms “punishment” and “punisher” as used in
this chapter relate solely to the effect on operant behavior. In other words, a punisher is merely a
stimulus that, when applied as a consequence of a particular behavior, reduces the possibility of
that behavior being repeated.
The science behind animal training entails both classical and operant conditioning (see
Chapter 5), but trainers often tend to focus on the operant aspects such as cues, criteria, and rate
of reinforcement. Hence, the trainer’s awareness will often be drawn towards the target behavior (the behavior the trainer is aiming to get) and how to reinforce it. However, the biological
principles of classical conditioning must not be underestimated as they are constantly in play
when animals learn about their environment. Depending on the animal’s previous experience and
learning, emotional responses may be elicited by stimuli in the environment. If, for example, a
dog has – as a puppy – been beaten with a broomstick, presenting a target stick to the dog may
elicit a fear reaction. Such emotional responses may sometimes be powerful enough to override
the operant response the trainer is working on conditioning. The Bailey-Breland proverb “Pavlov
is always sitting on your shoulder” is forever valid – it is not possible to train an animal using
solely operant conditioning; ignoring the principles of classical conditioning is detrimental. Even
though the trainer should know the science behind the techniques, several practical details and
considerations need to be addressed in order to be successful. In this chapter we will present a
selection of these considerations building on decades of experience training animals as well as
animal trainers.

THE ABC OF ANIMAL TRAINING
One way to address animal training is by the use of the ABC model – the ABC of behavior. The
origin of this model fades into the mists of time, but it seems to have sprung from the field of
behavioral analysis in the 1980s. The ABC of behavior encapsulates the essence of animal training
perfectly, as A stands for Antecedents (all that comes before the behavior), B stands for the target
Behavior, and C stands for the Consequences (both good and bad) of that behavior.
The Antecedents include everything that affects the animal or has affected the animal previously. This includes the genetics of the animal, all previous experiences (including training and
other experiences with humans), health, mental condition, and the environment in which the animal
is situated (both physical and social). If a behavioral response has already been trained, the antecedent also includes the discriminative stimulus (denoted Sd or sometimes S+) indicating that a
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FIGURE 6.1 The Skinner box (an operant conditioning chamber) may be designed in a large variety of ways.
This Skinner box is a simple, traditional box equipped with a house light (A), a response lever (B), a stimulus
light (C), and a delivery device for reinforcers – in this case a water nipple (D). Both A and C may function
as discriminative stimuli. For example, when the house light is on, the system is activated, and reinforcement
may be available with certain intervals. When the stimulus light (C) is on, pressing the lever will result in
delivery of a reinforcer. When the light is off, no reinforcement will be delivered for lever pressing.

certain behavior will have reinforcing consequences. Such discriminative stimuli are also known
as signals or cues. For example, if pressing a lever in a Skinner box (Figure 6.1) when the stimulus
light is on produces food, then the lit stimulus light is an Sd. Another stimulus (denoted S∆, s-delta
or S−) may signal that a response will not be reinforced. For example, if the stimulus light over the
lever is off, the lever pressing will not be reinforced; hence the unlit stimulus light is a S∆. Both are
discriminative stimuli, preceding the behavior and at the same time conveying information about
the consequences of a specific behavior.
The B (the Behavior) denotes the desired behavioral response, the target behavior. For any training session it is highly important to thoroughly define the behavioral response that will be reinforced (the criteria, please refer to the section on Criteria). If the trainer is not absolutely confident
what she/he will and will not reinforce, the trainer may risk being a little hesitant, which in turn will
affect the timing, speed, and accuracy of the training.
The C (the Consequence) is the stimulus/stimuli elicited by the display of the behavioral response.
In a training situation, the consequence of performing a behavior requested by the trainer is often
(but not always) access to a preferred food item. It is important to realize that the Consequence of a
certain behavior subsequently adds to the Antecedents. This means, for example, that if a trainer has
employed an aversive positive punishment as a Consequence of the animal showing an unwanted
behavior, the animal will add the unpleasantness of the punisher in that particular situation or
context to his experiences and bring it into the next training session. Conversely, if the animals’
behavior has been reinforced with a valuable reinforcer, the pleasantness of that particular training
session will positively affect the animals’ perception of the next training session.
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THE CONSEQUENCES OF BEHAVIOR
There are two possible consequences of showing a behavior, either something good or something
bad happens. It is important to be aware that the value of this consequence will affect any expectations that the animal may have. If a monkey expects to obtain a grape, a large piece of cucumber
is bad, whereas if she expects a small piece of cucumber, a large piece of cucumber is good. It is
imperative to remember that it is not the trainer who decides whether a consequence is good or bad;
it is the animal. Some consequences may be reinforcing to some individuals (e.g., getting pizza
when you helped a friend move), but have no value for others (getting pizza when you helped a
friend move and your friend forgot that you are lactose and gluten intolerant).

THE REINFORCERS
A primary reinforcer is anything an animal will approach and/or work for. Whether it is a stimulus the
animal needs, wants, or likes is less relevant for the purpose of this chapter; the key point is that the
animal is motivated to perform a behavioral response to obtain the stimulus. Some primary reinforcers are innate (like food, water, heat when you are cold, a safe nesting site, etc.), whereas others may
be stimuli that at first were not necessarily pleasurable for the animal, but over time have become
something the animal appreciates. For example, in some species, such as white rhinos, all individuals
like to scratch themselves; however, if scratching is to function as a primary reinforcer provided by
the trainer in the training sessions, it requires a good relationship between the rhino and the trainer.
In dogs, being reinforced with a toy that facilitates play behavior seems to work instantly in some
animals whereas others (of the same breed, age, and gender) may take a little more time to realize the
full, enjoyable potential of playing with that toy. Moreover, reinforcers must meet the animals’ expectations. The animal quickly learns what to expect and if the delivered reinforcer has too low a value
(compared to what the animal was expecting), the level of motivation will decrease, and the animal
may stop responding. If the behavior is reinforced above the level of expectation, the level of motivation increases. It is thus important that the trainer is able to judge the animal’s level of motivation
to work for the reinforcer and to make any adjustments needed. Some trainers distinguish between
innate primary reinforcers and reinforcers that the animal, over time, has learned to value. However, it
seems superfluous to split up the trainer’s toolbox of primary reinforcers. It all comes down to knowing what the individual animal will and will not work for. The nature of the primary reinforcers may
thus vary due to personality traits, experience, and preferences of the individual animal.
A conditioned reinforcer (also known as a secondary reinforcer) is a reinforcer which initially
has no value. Through classical conditioning this stimulus has been associated with a primary
reinforcer and hence gained reinforcement value (also see Chapter 5). Some conditioned reinforcers
(e.g., the verbal “good boy”) may over time and with experience gain enough strength to become
a primary reinforcer. Whether this will happen depends on the stimulus, the individual, and the
relationship between the animal and the trainer.
A conditioned reinforcer such as a clicker (a small device that makes a distinct, short click sound)
or a whistle can be used to accurately mark the specific behavior that the trainer is aiming for. Such
a marker can be useful, e.g., when training an animal to place both paws on an elevated station. The
use of the marker will allow the trainer to precisely reinforce the intention to lift a paw (i.e., to click
when the animal shifts the weight from one leg to another, prior to the paw lifting) and gradually
ask for more and more until the animal actually lifts the paw off the ground. The conditioned reinforcer is also – especially by zoo and aquarium trainers4 – called a “bridge;” a stimulus that bridges
the behavior of the animal and the primary reinforcer. Using a conditioned reinforcer requires it to
be short and salient, such as a clicker or a short sound of a whistle. It is not mandatory to use such
devices; however, depending on the animal, the behavior, and the environment, a conditioned reinforcer may significantly increase the chance of training success.
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When starting the training, it is important to ascertain that the conditioned reinforcer is in fact
conditioned, e.g., that the animal has associated the clicker with the food. However, before conditioning the clicker it is vital to have a continuous and fluent consumption of the primary reinforcer.
In other words, the animal must demonstrate that the primary reinforcer is in fact preferred and
something she/he will accept without caution or reluctance.
Any stimulus that predicts delivery of the primary reinforcer can become a conditioned reinforcer. Especially in inexperienced trainers, small body movements may precede the click. For
example, imagine that a trainer’s hand is reaching for the food bag just prior to the click as the
animal gives a response. Even though the trainer may not be aware of this body movement, the
animal may see it and hence it can serve as a conditioned reinforcer. Such inadvertent conditioned reinforcers should be avoided as it will jeopardize the timing in the training since the
trainer is now not consciously controlling the conditioned reinforcers. It does not matter whether
the trainer’s hand movement is conscious or not. What matters is that the hand movement can
be a visual stimulus to the animal predicting that food is on the way. The animal will therefore
be more attentive to body movements and will, e.g., have difficulties working if she/he cannot
see the trainer.
A conditioned reinforcer functions as a signal predicting the primary reinforcer and will evoke a
state of positive anticipation.4 If this anticipation is not met, a quick decrease in the function of the
conditioned reinforcer as a predictor signal will be seen. In other words, if the association formed
through classical conditioning is not maintained, extinction will take place. Hence, the association
between the primary and the conditioned reinforcer needs to be upheld (a simple rule-of-thumb is:
“when you click, you feed”), so that every presentation of the conditioned reinforcer is followed by
a primary reinforcer.
When the primary as well as the conditioned reinforcer has been decided, the trainer should
carefully consider how to deliver the primary reinforcer. This is highly dependent on the animal
species, the environment, and the reinforcer itself. A prime principle is that the reinforcer must
be delivered fast and accurately. Moreover, it is often preferable that the time it takes for the animal to consume the reinforcer is as short as possible. As much thought should be given on where
to deliver the primary reinforcer as to when and how. The reinforcer should always be delivered
to the animal in such a way that the animal is positioned optimally for the next response (as
expressed by the Bailey-Breland proverb “click for action, feed for position.”). For example, if the
trainer wants an animal to move forward, she/he clicks the movement forward and delivers the
primary reinforcer in front of the animal. If the trainer wants the animal to back away, the movement backwards is clicked, and the primary reinforcer is delivered between and slightly behind
the animal’s front leg to keep the animal in a “backwards-moving” state. In this way, the animal
is “clicked” for moving back and fed in a way that keeps the animal in a position ready to move
further back.

THE AVERSIVES
Primary aversives (or punishers) are stimuli that the animal will escape or avoid. It is imperative to
note that in the context of operant learning, an aversive is not necessarily a stimulus that will harm
the animal; a stimulus being mildly unpleasant or just annoying such as a light pressure may be
sufficient to modify behavior. Moreover, it must be noted that if an animal in a training setup has
the choice between two consequences (e.g., a foot shock if not responding and being abruptly lifted
back into a start box by the trainer if showing the correct response), then both these consequences
are aversive to the animal; however the lifting is less aversive than the shock and hence will function in the situation as a reinforcer. Just as with reinforcers, aversives can either be primary or
conditioned.
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THE IMPORTANCE OF TIMING, CRITERIA, AND RATE OF REINFORCEMENT
Timing
Timing is the trainers’ ability to present the reinforcers (primary and conditioned) at the precise
moment when the animal shows the correct response. For a trainer to do this, the trainer must be
able to anticipate behavior, which requires a thorough knowledge of the species and individual
at hand. Animals are efficient problem solvers and most species will learn a specific behavioral
response in spite of a trainer with bad timing. The caveat is that the bad timing will frustrate the
animal, delay the training, and compromise the outcome of the training. Two factors will determine
which behaviors are reinforced: the ability of the trainer to time a conditioned reinforcer and the
speed with which the trainer can deliver the primary reinforcer. Consider a chicken learning to peck
a target. If the trainer’s timing is bad, she/he may either click too early (when the chicken’s beak
is going towards the target but not yet touching) or too late (when the chicken is moving her head
upwards after the peck). In the first scenario the resulting behavior after a few sessions will be a
chicken pecking in the air right above the target and never actually touching the target. In the latter scenario, the chicken lowers her head and then abruptly lift it as it is the head lift that has been
reinforced. The speed with which the trainer can deliver the primary reinforcer is also vital. If the
trainer is too slow the animal may show other behaviors in the time span between the conditioned
reinforcer (e.g., the click) and the primary reinforcer (e.g., a piece of apple). Consider, for example, a
pig trained to follow a target. The trainer plans to click for the pig following a moving target for two
meters. The trainer clicks, but while reaching for the apples, the pig bites the target, lets go again
and starts rooting … and then she gets the primary reinforcer. Then the trainer will actually have
reinforced both “biting the target” and “rooting” as well as “follow target” (Figure 6.2).

Criteria
A criterion is the behavior that the trainer will reinforce in a particular session and all criteria
should be clearly defined (e.g., jump 10 cm higher; peck harder so the ball moves; hold position for
12 seconds, etc.). An important aspect of setting the criteria is the observational skills of the trainer.
If the trainer has poor observational skills, the trainer will risk being inconsistent in the reinforcement of the desired behavior. Moreover, many trainers are emotionally involved while training,
which may risk influencing accepting or not accepting a given behavior.
In general, the criterion should be set so the trainer expects the animal to achieve 80–90% success. When the animal is responding correctly eight times out of ten, the criterion can be raised,
making the task a little more difficult. The trainer should consistently work on only one criterion
at the time and not ask for, e.g., both standing still for a longer time (criterion 1) and accept poking with a pen for the first time (criterion 2) in the same session. Some trainers may accept as low
as 40–60% correct responding for very simple behaviors; however, it requires a very high level of
trainer experience and skills to do so without inducing adverse effects such as frustration or aggression in both trainer and animal. In general, it is not advisable to work with such low success rates.
A simple way to keep track on the success rate is to bring ten reinforcers for the training session.
If all ten responses are correct, then all ten reinforcers will be used when the session ends. If three
reinforcers still remain after ten cues have been given, then the animal has responded incorrectly
three times and the success rate is 7/10 = 70%.

Rate of Reinforcement
The Rate of Reinforcement (RoR) denotes the number of reinforcers given per time unit (e.g., ten
reinforcers per ten seconds compared to two reinforcers per ten seconds). The rate of reinforcement
depends on a large number of factors; however, there will – under a specific set of circumstances
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FIGURE 6.2 (1) The conditioned reinforcer (e.g., a clicker-sound, marked with black triangle-arrow) must
be timed precisely when the correct response is shown (triangle-arrow 1). (2) If the trainer is too slow, timing of the conditioned reinforcer may be wrong and behaviors other than what the trainer planned will be
reinforced. If for example the trainer clicks at arrow 2, the trainer will reinforce behavior 2 (conditioned
reinforcer) and behavior 3 (primary reinforcer). If the trainer clicks at arrow 4, behavior 3 will be reinforced
both by the conditioned reinforcer and the primary reinforcer. The primary reinforcer, which most likely is the
strongest, may reinforce behavior 3 the most and may reinforce the actual trained response (behavior 1) the
least. It is important to remember that in a scenario like this, all behaviors (behavior 1, 2, and 3) are more or
less reinforced; it is not just the behavior immediately prior to the reinforcer. In other words: if the animal has
time to perform other behaviors in the gap between the conditioned reinforcer and the delivery of the primary
reinforcer, these behaviors will also be reinforced … and possibly more than the behavior the trainer thinks
she/he is reinforcing. The above examples may be modified by previous reinforcement history and the nature
of the reinforced behavior.

– be an optimal rate of reinforcement. If the RoR drops and becomes very low, this may result in
decreased motivation (maybe causing the animal to leave the trainer) or frustration that may result
in unwanted behavior and even aggression. The RoR may also drop if the animal is no longer motivated, e.g., if the animal is satiated and no longer interested in the primary reinforcer (if it is food).
The skilled trainer will make sure to end the training session prior to the animal losing interest. If
the RoR becomes very high, it could be that the criterion is set too low and the task is very easy for
the animal to perform.
Whenever the trainer enters a training session it must be absolutely clear to the trainer which
behaviors will be reinforced and which behaviors will not. If the trainer has not decided beforehand,
she/he will need to mentally consider each behavior offered by the animal, which will negatively
affect the timing. If the training does not proceed as planned, the antecedents and the criteria set for
the session should be re-evaluated. Trainers would benefit significantly by video recording training
sessions and reviewing them afterwards and/or having another trainer watch training sessions, looking for trainer errors. Moreover, a thorough and well-considered plan for the training should be constructed. Such a plan could include, e.g., the final behavior, the intermediate steps towards the final
behavior, chosen reinforcers (primary and conditioned reinforcer, if used), the criteria for each stepwise behavioral response trained, and how to chain the trained behaviors, if needed (Figure 6.3, A).
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FIGURE 6.3 A) Training plan and B) Log for training.

GETTING THE BEHAVIOR
When working with an animal to modify behavior, the obvious and most important thing is to get
the animal to show the behavior the trainer wants. If the trainer fails this mission, e.g., by setting
the criteria too high, the rate of reinforcement will be very low, and the animal may lose interest
or react with frustration or even aggression. Therefore, the ability of the trainer to get the animal
to show the correct behavior is an important skill. Arranging the antecedents (e.g., manipulate the
environment or criteria) to make it as easy as possible for the animal to succeed, or, said another
way, make it difficult for the animal to err is vital. For example, if the animal is kept in a large cage
and the trainer wants him positioned along the bars in the front of the cage, obstacles can be placed
to physically guide the animal to the correct position (Figure 6.4).

FIGURE 6.4 A) The positioning of a big log in the cage to bring the bear close to the bars. B) Bear being
correctly positioned close to the trainer and the bars due to the careful placing of the big log.
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When the animal has learned the correct position, the obstacles can be gradually removed. It is
also possible to make use of an animal’s natural tendencies and preferences to get the behavior. For
example, if a cat needs to be weighed, move the scale from the ground and place it on an elevated
platform as jumping up and sitting high is often preferred behavior for a cat.
Depending on the animal, the training history, and the relevant antecedents, several strategies
are available for getting the behavior, namely capturing, targeting, luring/baiting, and shaping.
Currently, in the laboratory facility, targeting seems to be the most used technique to get the behavior, though luring/bating and shaping is probably also used.

CAPTURING
Capturing is used if the animal will present the full behavior in one trial without being lured to do the
behavior. This will often be easy with simple behaviors such as a dog sitting, whereas behaviors such
as yawning or sneezing may require a lot more patience from the trainer. The key point in capturing is that the trainer reinforces only the full behavioral response and a trainer with experience and
good observational skills can sometimes capture all, or nearly all, of the behavior with a few trials.
Moreover, no intermediate behavioral responses are reinforced and therefore added to the animals’
behavioral repertoire. Any intermediate responses that have been reinforced during the course of
the training may have to be extinguished later on. However, using capturing that will not be needed.
In some instances, trainers will provoke a behavioral response in order to capture it. Such a
technique requires a lot of experience, since the provocation of a behavior in the beginning may
induce what could be called annoyance in the animal; a preference for creating distance from the
trainer, either by the animal actively moving away or by the animal forcing the trainer to move away.
When seals are trained to wave their front flipper, the trainer builds on a behavior which is in fact a
precursor of aggression in seals, namely the front flipper waving. By withholding food or otherwise
annoying the animal, the trainer provokes the wave, which should be precisely reinforced. During
the training, the initial negative emotional response connected to the behavior is modified, and the
seal’s aggression decreases and eventually disappears even though the behavior per se stays intact.
Using capturing should always entail preceding considerations on the possible negative emotional
effect – if any – on the animal.

TARGETING
Targeting (also known as target training) is the technique of teaching the animal to go to, and
maybe touch, a specific object in order to obtain reinforcement. The animal learns to “target” on
that object, and the object can be moved around with the animal following. The target may also be
used to position the animals. For instance, large boars or sows trained in protected contact (i.e., with
a barrier between the trainer (outside the pen) and the animal (inside the pen)) can be positioned
to enable the trainer to access an ear, a catheter, or the back of the animal. The trainer may also
benefit from the fact that the animal will learn to expect where the (consistent) trainer presents the
reinforcer and position her/himself (the animal) so that she/he can get the reinforcer as quickly as
possible. If feasible, the target can be faded (made less and less obvious, e.g., by reducing the size),
or gradually removed and replaced, e.g., by a hand signal.

LURING AND BAITING
Luring and baiting are methods where a prompt – a discriminative and often pleasant stimulus – is
used to elicit a specific, desirable response. This prompt is presented prior to the behavioral response
with an intentional location or mode of presentation that attracts the attention of the animal and
prompts the behavior. In luring, the prompt is moved to elicit the behavior, whereas in baiting the
pleasant stimulus is stationary, often placed in a location the trainer wants the animal to go.
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Luring and baiting are often highly rewarding to the inexperienced trainer, because the animal
shows the desired behavior immediately. Most animals can be lured by food or other desired stimuli
to go to places or to do things. The lure is shown to the animal, moved to prompt the behavior, and the
animal responds in whatever way is needed to get the lure. For example, if a food lure is presented in
front of a dog’s nose and then raised over the dog’s head, most dogs will sit back almost automatically
as the nose follows the lure. If the lure is taken downward, many dogs will lie down to get the lure. In
the same way, a falconer can bait his glove with a dead mouse and the falcon will return to the glove
to get the mouse. Properly used, a lure is removed when the animal shows the desired response and a
reinforcer is applied. It is possible, though, to allow the animal to obtain the lure, which is always the
case when baiting is used. Still, there is a fluid border between baits and lures. Luring and baiting have
some drawbacks which the trainer should be aware of if they plan to use these techniques. The following points apply to both lures and baits. First, the animal will focus on the lure and not on her/his own
behavior or the surroundings. Hence, there is a risk that the animal will not learn which specific behavior that leads to reinforcement, and she/he may not voluntarily present any behavioral responses without the lure being presented. Second, if the animal is lured into a potentially frightening environment,
the animal may be startled by suddenly realizing that she/he is now on a ladder (climbing a ladder is
a trained behavior, e.g., with police and rescue dogs) or in a very open area (which would potentially
scare, e.g., rats and mice). Under such conditions the lure may even come to predict an unpleasant
situation or even worse: the animal will associate the lure with both the unpleasant situation and the
trainer. Third, the lure itself will soon become the cue or part of the cue; the discriminatory stimulus
(Sd). As a result, the animal cannot perform the behavior without the trainer presenting the lure as a
part of the cue. For example, the dog does not sit, when the owner says “sit,” unless the owner has a
piece of good food in his hand, because “food-in-hand” is a part of the “sit” cue. Interestingly, some
animals will learn that if they ignore the first lure and withhold responding, the trainer will present
a larger and more valuable lure. Thus, it is important that the trainer does not respond to increasing
latency by offering a larger lure. Last, if the lure is suddenly withdrawn, or “wafted,” the animal may
be prone to chase the lure as it is removed, or, in the case of some predators, attack the trainer.
Lures, overall, can be a very effective training tool, but they should be used with caution and
removed as soon as possible with a process called fading. During fading the lure is gradually
removed, e.g., by making the lure less obvious or less valuable to the animal. Many trainers often
begin training by luring an animal as it is an easy way to get the animal to show the behavior.
However, luring should be used only to prompt behaviors if no other options are available. The process of luring, including the fading, should take place in three to ten trials (depending on the animal
species and the individual). If luring is still used after eight to ten trials, the lure has not been used
correctly and the trainer should stop training and review the training plan.

SHAPING
When a behavior is shaped, it simply means that the behavior is gradually built by reinforcing
small steps towards the final goal, i.e., successive approximations towards the final behavior. When
employing shaping to get a complex behavior it is of utmost importance to proceed with small
enough steps to allow the animal to understand what the trainer wants. Be sure to split the goal
behavior into small steps instead of asking for a more complex response – or as stated by Bailey and
Breland, “be a splitter, not a lumper.” Shaping may not always be the quickest and most efficient
way to initiate behavior. However, when done correctly, it is probably the best demonstration of a
trainer’s knowledge as well as observational and mechanical skills.

HOW TO GET STARTED
Starting up animal training in the laboratory facility should start by choosing a reinforcer (often
some kind of food) and making sure that the animal will eat the food when offered by the trainer.
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Operant training should first be initiated when the animal accepts the primary reinforcer without
latency. Moreover, it is of vital importance that the trainer is able to deliver the reinforcer fast and
consistently without, e.g., spilling or dropping it. For some species, using tweezers or tongs may be
advisable.
Foundation behaviors are behaviors that form the basis for most of the behaviors that we would
like to train our laboratory animals to do. The four foundation behaviors we suggest to work with
are “Stay calm,” “Targeting,” “Station,” and “Gating.” In laboratory animals, the most relevant
foundation behaviors are the “Stay calm” and the “Targeting,” which should be prioritized, if there
is limited time for training.
The “Stay calm” behavior may be the most important behavior an animal can be trained to do
and as such it should be the first behavior trained. The animal is reinforced for staying calm and
relaxed, but fully aware of the trainer. Eye contact can be present, but it depends on the species and
the position of the animal. For example, it is difficult for a mini pig to have eye contact with the
trainer, if the mini pig is just in front of the trainer and the trainer is standing upright, then the “Stay
calm” behavior is simply standing calmly in front of the trainer, waiting for the trainer to cue the
next behavior. It is of course possible to actively train “Eye-contact” as a part of the “Stay calm”
behavior; the relevance and feasibility must be decided by the trainer. Teaching the animal to stay
calm results in controlled training sessions in which the trainer can better spot the target behavior
and detect if the animal shows early signs of frustration. A calm animal can speed training a great
deal and is worth the time and labor investment. A training session with an animal that does not
show – as a baseline – calm behavior can be difficult to carry through with an optimal result.
Targeting is the behavior where the animal orients a specific body part (e.g., the snout) towards a
stationary or moving object. It is imperative not to create a fear response when presenting the target
for the first time or to introduce the target for the first time if the animal is not paying attention. The
object can be moved to initiate a “follow-target” behavior that makes it possible to move the animal
between pens/cages or into a procedure room fast and with great precision. It is also possible to keep
the target immobile and have the animal standing still with, e.g., the snout calmly on the target for
a shorter or longer duration. In this case, the target functions as a station.
For several reasons, it is advisable always to begin the training of an animal with these two
foundation behaviors: the “stay calm” and the “targeting.” First, if the animals are able to do these
behaviors on cue, many challenging situations can be dealt with simply by asking the animal to
stay calm or to follow the target. These behaviors will come to have a strong reinforcement history
simply because they were started first and therefore have been in the animals’ repertoire the longest.
Behaviors with a long and strong reinforcement history often become a behavior that the animals
will offer the trainer if the animal gets confused or misses a cue.
The third foundation behavior is the “Station” behavior. A station is part of the environment, a
specific place in which the animal can be placed in a waiting position. It is important to realize that
when an animal is calmly waiting on her/his station, the animal is still doing the correct behavior
and should be regularly reinforced. When on station the animal will thus wait for the trainer to either
reinforce the “Station” behavior or cue another behavior. It is vital not to postpone the reinforcement
until just before the animal decides to leave; this may risk reinforcing “leaving station” behavior.
The fourth foundation behavior is “Gating” or “go from A to B.” In some circumstances, being
able to ask the animal to move from one point to another can be useful. It can be, for example, to
move from one trainer to another or to move from one target (or station) to another. In most laboratory animals, this fourth foundation behavior may not be as relevant as the “Stay calm” behavior
and the “Targeting,” which should be prioritized.

INCORRECT RESPONSES AND UNWANTED BEHAVIORS
Any behavior other than the correct response is, in principle, an unwanted behavior. Moreover, a
wide range of behaviors not relating to the training situation may also be categorized as unwanted
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behaviors. In this chapter, focus is solely on unwanted behaviors in human-animal interactions
appearing in the training situation. Unwanted behaviors in animal-animal interactions (e.g. aggression in group-housed animals) are outside the scope of this chapter.
In the training setup, it may be useful to make a distinction between incorrect responses and
unwanted behaviors. Incorrect responses denote the situations where the animal offers a behavior
different from what the trainer asked for. Such a situation will occur from time to time during training sessions and the trainer must recognize its underlying cause and act accordingly. Unwanted
behaviors, on the other hand, could be displays of aggression, frustration, or fear, consistently showing a specific incorrect response or repeatedly present behaviors not cued by the trainer.

Incorrect Responses
When an animal in the training situation shows an incorrect response, i.e., not the behavior that the
trainer asked for, there may be several explanations. Perhaps the animal did not understand what
the trainer asked for. In this case, the trainer may not have defined the criteria, have increased the
criteria too fast (asking for too much) or the trainer has been inconsistent in cuing the behavior. Or
perhaps the trainer has failed to correctly assess the antecedents and plan the training accordingly.
Maybe the animal is not feeling well, maybe there are too many disturbances around the enclosure,
or maybe she/he has the sun in her/his eyes – and the trainer failed to notice it. Or maybe the reinforcers used are simply not worth working for. One way to recognize that the training is heading in a
wrong direction, is to be constantly aware of the animal’s latency to respond. Often, when an animal
shows one or more incorrect responses for the above-mentioned reasons, it has been preceded by an
increasing latency to respond to the trainer’s cues.

Unwanted Behavior: Aggression, Frustration, and Fear
Frustration and even aggression are often elicited by the behavior of inexperienced trainers failing
to keep up a suitable rate of reinforcement. Fear may arise due to fear-eliciting stimuli in the environment at the beginning of the training. Therefore, the trainer’s ability to identify antecedents that
may elicit fear is important. Sudden, unexpected fear-eliciting stimuli may also occur during the
training session. In such cases, knowing the animal, including body language, and facial expressions, is the key to identifying the changes in the animal’s emotional and motivational state; changes
that will predict possible unwanted behaviors. The trainer’s task is to predict this and prevent it from
happening.

Unwanted Behavior: Persistent or Progressing Incorrect Responding
Persistent or progressing incorrect responding may arise if the animal inadvertently and repeatedly has been reinforced for an incorrect response which the animal is now showing consistently.
Such scenarios are most likely caused by inexperienced trainers and/or insufficient planning of the
training.
Sometimes an animal will start showing progressing incorrect responding which counteracts the
correct behavior, a phenomenon known as “instinctive drift.” Breland and Breland (1961) described
the phenomenon in which a learned response gradually drifts towards a more instinctive behavior associated with the used reinforcer to such an extent that the learned response does not happen at all. In their paper “The Misbehavior of Organisms,” Breland and Breland (1961) present
several examples of breakdowns of conditioned operant behaviors, including the example of the
raccoon trained to pick up coins and deposit them in a five-inch metal box.5 It was not difficult
for the raccoon to learn to pick up the coins, but the raccoon had difficulties letting go of the coin;
instead, the racoon was rubbing the coin, showing the typical “washing” behavior. With increasing
demands such as performing many trials, having to repeat the behavior several times before getting
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reinforced (i.e., working on high ratios) or having to carry the coins for longer distances; the worse
it became (personal communication 2019, R.E. Bailey). The raccoon’s performance was acceptable
as long as demands were not too high (personal communication 2019, R.E. Bailey). The Brelands
concluded that the raccoon was actually showing “washing behavior,” an instinctive behavioral
pattern connected to foraging in raccoons. When working for food rewards, the raccoon tended to
“drift” towards this instinctive behavioral pattern, which was different from and incompatible with
the learned response.
No matter the cause for the incorrect response, the trainer needs to respond immediately and
in a way that minimizes the risk of the animal getting frustrated, aggressive, or losing trust in the
trainer. If the animal fails to show the correct response more than a couple of times, the trainer
should stop the session and revise the antecedents, the training plans, and the training protocol.

How to Deal with Incorrect Responses
It is important to emphasize that incorrect responses most likely are because of trainer mistakes,
and therefore incorrect responses should always result in the trainer assessing the session, evaluating possible trainer errors that may have led to the incorrect response.
Incorrect responses may be dealt with in various ways. If it is an isolated event the trainer may
simply choose not to reinforce, use a few seconds to evaluate why the animal made a mistake
and then proceed with the training in the most optimal way. Other options are the use of punishment procedures, reinforcement procedures focusing on differential reinforcement of alternative or
incompatible behaviors (Table 6.1),6–11 or by cueing another learned behavior such as the “Recall”
or the “Stay calm.” In punishment procedures the incorrect response will lead to either the removal
of a positive stimulus (negative punishment) such as the trainer leaving and taking all the food with
her/him – or the application of an aversive stimulus (positive punishment) such as physically correcting the animal or saying “No.” Punishment procedures only communicate to the animal that
the behavior is incorrect; it will not indicate which behaviors actually do result in reinforcement.
Moreover, the trainer has no way of controlling the outcome, which may be aggression, suppression
of behavior in general, or attempts to escape the trainer.7 For these reasons, it may often be advisable
to avoid the use of especially positive punishment as the main operant procedure in animal training.
Another, and more advisable, strategy is to cue a well-trained behavior with which the animal is
confident and then reinforce this behavior. These well-trained behaviors can be anything, depending on the animal and its reinforcement history.
If the incorrect responses have been mistakenly reinforced a number of times, they can be dealt
with by employing a differential reinforcement schedule focusing on reinforcing other behaviors
than the incorrect response or by the use of extinction (Table 6.1). Extinction is stopping a behavior
by withholding reinforcement. The use of extinction implies that the incorrect behavior has previously been reinforced, most likely by mistake or lack of consideration and thorough planning.
Depending on the level of previous reinforcement of the behavior, extinction may create an extinction burst, during which the animal will increase behavioral responding (see also Chapter 5). Such
an extinction burst may be undesirable for the trainer.

HOW TO END A SESSION
Ending a session implies the risk that the animal perceives the trainer leaving as an unpleasant
event in which case it may either function as a negative punishment and/or induce frustration or
aggression. It is therefore imperative always to have a plan for when and how to end the session. In
laboratory pigs, a technique that works well is to tell the animal to “go search” and simply throw
a handful of reinforcers (pieces of apple, raisins, or the like) on the floor. When the pig is rooting,
the trainer un-dramatically leaves. It is not necessary to end on a positive response. As incorrect
responses are most likely due to trainer errors, the skillful trainer should not have any problems
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TABLE 6.1
Techniques Used to Deal with Incorrect Responses (For Definitions of the Scientific
Terms, Please Refer to Chapter 5)
Extinction8,10
Extinction
A weakening of a previously learned operant response as a consequence of lack of
reinforcement of that response.
Punishment7
Non-Reward M
The non-reward marker (NRM) is a signal (e.g., the verbal “no”) communicating that
the behavioral response was not correct and consequently no reinforcement is given.
In that sense the non-reward marker, however mild, is a positive punishment
procedure.
Time Out
Time out is a negative punishment procedure. The trainer removes all possibilities to
obtain a reinforcer as a consequence of an incorrect behavioral response. This may
include the trainer turning their back to the animal or leaving the enclosure. The
time-out thus may eliminate the trainers’ possibilities to watch the animals’ behavior
and resume training, when feasible.
Reinforcement-Based Techniques
Differential Reinforcement of Other Behavior 7,10 (or Differential Reinforcement
of Zero Responding6,11) (DRO)
Using a DRO implies reinforcing periods of time passing without the unwanted
behavior being shown. For example, every time three minutes have passed without
the dog barking, the dog is reinforced for zero responding (i.e., no barking). Hence,
the DRO is a reinforcement procedure in which any response other than the
unwanted behavior may be reinforced. The unwanted behavior will thus decrease, as
it is never reinforced.
Differential Reinforcement of Alternative Behavior (DRA)6
If a dog is jumping on guests or a pig is continuously manipulating the hinges of the
gate when it gets aroused, a DRA procedure would be to reinforce an alternative
behavior such as sitting, lying down, eating, keeping four paws on the ground (in the
dog’s case), and rooting, making contact, exploring toys etc. (in the pig’s case). In
the case of the DRA the reinforced behavior does not have to be incompatible with
the unwanted behavior.
Differential Reinforcement of Incompatible Behavior (DRI)6
If the trainer decides to focus on reinforcing one specific behavior, which is
incompatible with the unwanted behavior (e.g., sitting in the case of the dog; the dog
cannot jump, if s/he sits), it is traditionally referred to as a DRI (differential
reinforcement of incompatible behavior).
Recall
It is possible to use the recall signal as a tertiary reinforcer presented as a consequence
of the animal showing an incorrect response.
The recall can also be used simply as a cue to return to station or trainer even though
the previous response was correct. Hence, the recall is not used only as a
consequence of an incorrect response and the correct response to the recall signal
should always be reinforced. Especially if animals are group housed, it is important
to have a strong reinforcement history on the recall, as this behavior can be very
important to have on cue.
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getting all responses including the last one in the session correct. Insisting on ending on a positive
response may drive the trainer to continue a training session that should otherwise have been ended,
a situation which should be avoided.

CREATING A BALANCE
Sometimes animal trainers claim to be “positive animal trainers” or “positive reinforcement trainers” solely because they use operant conditioning with focus on positive reinforcement. However,
grabbing a clicker and some treats are not enough to qualify as a “positive reinforcement trainer.”
The environment surrounding us and the animals will always be a mixture of pleasant stimuli and
aversive stimuli (ranging from mild to extreme). In other words, there will always be both reinforcers
and aversives in an animal’s environment and animals spend a lot of time adjusting their behavior to
optimize their welfare. During training, the antecedents likewise comprise a mixture of unpleasant,
neutral, and pleasant stimuli and the animal will seek to tip the balance more towards the pleasurable stimuli, the reinforcers. “Positive animal training” is thus not simply working with positive
reinforcers, focusing on positive reinforcement only; it is aiming to shift the balance towards as
many pleasant stimuli in the form of pleasant antecedents as possible while reducing the aversives in
the animal’s environment to the highest possible extent. The trainer should therefore aim to reduce
as much as possible the presence of unpleasant antecedents as positive reinforcement training can
be antagonized by unpleasant events prior to or in the training situation (part of the antecedents)
such as food restriction, stressful gating, lack of shelter to retreat to, separation of the animal from
her/his group, or frustration because of a less skillful trainer.

ANIMAL TRAINING IN LABORATORY ANIMAL
SCIENCE: CHALLENGES AND PERSPECTIVES
Working with laboratory animals, animal training should be an integral part of the experimental
protocol. Efficiency and animal welfare might be enhanced if a trainer’s knowledge and experience
are included in protocol development. In general, the animal trainer should focus on the available
options – and be creative and optimize within the limitations of the experimental protocol. If the
animals have implanted catheters or if cage cleaning needs to be done daily, the training should be
adapted to these restrictions. On the other hand, if increased animal welfare is the aim, the animal
trainer should define what could be done to optimize the training and discuss these options with the
principal investigator (PI) and the staff participating in the procedures with the purpose of finding
new ways to bring training forward.
Several challenges and constraints exist with animal training in laboratory animals.
First, it is not always clear what the legal demands are. For example, in the EU it is stated that:
“Establishments shall set up habituation and training programs suitable for the animals, the procedures and length of the project” (Directive 2010/63/EU, Annex III, 3.7). However, since the word
“training” is not defined and the facility itself decides what is “suitable,” the training applied is
often limited, not necessarily adding to the welfare of the animal. One way to increase the use of
animal training could be to include an animal trainer in ethical review boards and authorities granting licenses for animal experimentation. Evaluating the experimental protocol, the trainer would be
able to suggest which procedures to train to and how.
Second, many researchers are reluctant to implement animal training as they are afraid that the
training may affect the study and the data. It seems obvious, though, that the best data will be produced if the animals are as calm and confident as they can be. Moreover, certain procedures (such
as taking multiple x-rays of a standing, calm, and un-sedated pig) can only be done by use of animal
training as defined in this chapter.
A third obstacle is the lack of continuing education for laboratory animal caretakers and technicians. Training is a mechanical skill and good trainers need to understand the science behind the
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training and they need practice and experience. Hence, if animal training is to be successful, basic
and continuing education of the staff is necessary. If the staff is not properly educated and able to
perform the training efficiently and with good results, when animal training is initiated in the facility, the faulty conclusion may risk being that “animal training doesn’t work” and it will be closed
down again.
Fourth, several training constraints exist in the laboratory, the most common one being limited
time. The animal may only be housed in the facility for a very short period. In some cases, the
trainer may only have the institution’s required acclimation period (one to two weeks) to train
behaviors such as accepting an injection or standing still for a clinical examination. In other studies, the animals are housed for several weeks, but still there is no time set aside for animal training. Training the animals then may become something which can be done if there is time for it,
when other tasks deemed more important have been done. In such cases, the results of the training will be sub-optimal and again, the conclusion may risk being that “animal training doesn’t
work.” Allocating time for training may be a managerial challenge, especially if not all animal
caretakers are able to train animals and a few people are asked to find time to do the training. It
may be challenging for the remaining caretakers to willingly accept that some of their colleagues
are spending time on training, leaving more of the less desirable tasks such as cleaning for the
non-training staff.
Food restriction is another issue demanding the trainer to come up with either edible reinforcers
accepted by the PI such as flavored water, gelatin, or ice cubes, or simply just pieces of a food item
not containing any components interfering with the research parameters. Arranging training in
these situations calls for good communication and trust between the PI and animal staff as well as
an understanding of the complexity of the other parts work. Other issues may be, e.g., inflexible pen
or cage systems and daily routines that cannot be combined with training.
Introducing animal training in the laboratory animal facility is possible in all animal species. All
animals can be trained to perform any behavior they are capable of doing, given enough time and a
skillful trainer. Larger animals such as dogs, pigs, and sheep are easily trained, whereas training the
rodents often seems to be more challenging. Rodents are often kept in very high numbers and very
little, if any, time is used to establish a meaningful human-animal relation on which training can be
based. Until this attitude towards rodents changes, the benefits of training may not be available to
mice and rats. Luckily, it seems that an increased awareness is rapidly growing in recent years. As
more and more studies are published in which animals have been trained to voluntarily cooperate,
it will be increasingly clear to legal authorities that animal training is a Refinement with tremendous impact on animal welfare. Coincidently, researchers will hopefully realize that unstressed and
confident animals are better models and funding will be raised to ensure the better model. Training
animals to cooperate during experimental procedures should be the ultimate Refinement goal and
the technology is there – we just need to implement it.
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INTRODUCTION
Performing veterinary clinical trials is not a novel concept. At veterinary schools,
clinical trials benefiting pets have been a focus and a tried-and-true, accepted
concept for decades. The American Veterinary Medical Association (AVMA)
Animal Health Studies Database provides a platform where veterinarians and pet
owners can see if a pet may qualify for a clinical trial; veterinary clinical trials
performed in the United States and Canada are listed there (https://ebusiness.av
ma.org/aahsd/study_search.aspx). Often these clinical trials enable pets to have
access to healthcare not accessible to the main pet population and at little or no
cost to the pet owner.
Traditionally, human medical research institutions have used lab animals to translate studies into human therapies. In fact, the US Food and Drug
Administration (FDA) requires animal testing prior to permitting a drug to be
evaluated in a human, with few exceptions (FDA, 2010). The classic model for
development of a human therapeutic involves initial chemical/molecular selection
or design, in vitro testing, and frequently molecular optimization. The FDA preclinical testing for safety for eventual human trials usually requests two animal
species to be evaluated (one rodent and one non-rodent). If results at this point
still look promising, future steps may be developed for efficacy and safety studies
in people. Unfortunately, in practice, this approach has been relatively inefficient
1
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and better methods are clearly necessary. For example, an analysis of first-inman to registration with the FDA or European Medicines Agency from ten large
US and European pharmaceutical companies for the period from 1991–2000
demonstrated an ~11% success rate in that roughly nine out of ten compounds
developed ultimately failed to gain approval (Kola and Landis 2004). Further,
the median capitalized research and development investment to bring a new drug
to market (after accounting for the costs of failed trials) was estimated at $985.3
million (Wouters, McKee, and Luyten 2020). A data set published in 2015 analyzed the attrition of drug candidates from four major pharmaceutical companies
(AstraZeneca, Eli Lilly and Company, GlaxoSmithKline, and Pfizer) and found
a link between the physicochemical properties of compounds and clinical failure
due to safety issues (Waring et al. 2015). In 2015, two scientists described the current state of FDA drug approval, where approximately 10,000 compounds were
assessed in drug discovery research followed by 250 of these compounds successfully making it to a preclinical research development stage. From those 250
compounds, five compounds would ultimately make it to phase I clinical trials
and only one compound would ultimately gain FDA approval (Somerville 2015).
A more recent analysis of the probability of success over time in drug development found that there was a decrease in success between 2005 and 2013 and an
increase thereafter with an overall success rate in all drug development programs
of 13.8% (Wong, Siah, and Lo 2019).
A major reason cited for the inefficiency of drug development is the relatively
low power of current rodent models to predict therapeutic efficacy in humans.
A review of the scientific literature demonstrates numerous examples in which
successful murine studies did not predict success in humans (Bracken 2009,
Mak, Evaniew, and Ghert 2014, Masopust, Sivula, and Jameson 2017, Akhtar
2015, Kokolus et al. 2013). For example, in 2017, Bentley and colleagues wrote
that although rodent orthotopic xenograft models provide a good basic model
for understanding tumor biology, their value in successfully translating preclinical oncology therapeutic triumph into clinical success is “extremely poor”
(Bentley et al. 2017). Animal modeling from its origins has always maintained
as a goal the tenet to mirror human disease as closely as possible. In accordance
with this, a 2019 review focused on optimizing preclinical models for human
personalized medicine benefits stated that models that recapitulate as much of the
human pathophysiology as possible will be the most predictive of success in man
(Tadenev and Burgess 2019).
Development of new therapeutics for veterinary patients faces these and further challenges. Historically, veterinary therapeutics (medical and surgical) have
consisted of a subset of those developed and approved for humans (Moulin et al.
2008, Hespel and Cole 2018, Olmstead 1995, Martin 2003, Corradini et al. 2016,
DeForge 2019). For pets to gain access to these treatments, one more step is critical, where a successful human therapy is then evaluated and translated for use
in veterinary patients (Figure 1.1). Thus, traditionally, pets are the last to benefit
from a successful therapy. In the United States, about 60% of the animal health
sales are companion animal products and about 40% are food-producing animal
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FIGURE 1.1 The traditional method of developing therapies for humans (left half of
figure) consists of a unidirectional flow of steps where pets are the last species to receive
newly developed treatments. The premise of this book is to demonstrate that in certain
disease states, pets with spontaneously occurring disease can be utilized to develop successful diagnostics and treatments (right half of figure). In turn, this will lower the time
and costs needed to get successful treatments into humans and pets.

products (AVMA, 2018). As pet owners increase the amount spent per year on
maintaining a healthy pet, so has the number of animal health products increased
designed specifically for individual species.
The focus of this book is not to change the classic model for how biomedical research is conducted but to demonstrate that an additional, complementary
method in certain disease states and for certain problems may be beneficial as
well as offer significant value (and in a number of cases as described later in this
chapter, has already proven to be beneficial) for both humans and pets. Rather
than exclusively evaluating classic lab animal models, pets with spontaneous
disease may be a better model for developing therapies that will work in pets
and people. In 2015, Kol and colleagues published a list of human diseases and
their parallels in companion animals including many cancers, osteoarthritis,
cruciate ligament injury, mandibular fracture and reconstruction, intervertebral
disk herniation, hemophilia, narcolepsy, cleft palate, lysosomal storage diseases,
keratoconjunctivitis sicca, inflammatory bowel disease, dilated cardiomyopathy,
hypertrophic cardiomyopathy, and more (Kol et al. 2015). Such models based
on animals with spontaneous disease have the potential to be more successful, for example, to find better therapeutics, find undiscovered therapeutics, and
build improved diagnostic equipment in a shorter time frame and for less money.
In this book, we will demonstrate how pets can be used, in many diseases, to
facilitate successful translational research in human and veterinary medicine,
in a manner that benefits man and pets, culminating in lower costs to develop
treatments and more efficient time frames to get a drug or device from benchtop
research to patient bedside. There are numerous examples of the use of a model
of naturally occurring disease in an animal to help develop diagnostics and treatments in people. These examples are too abundant to review comprehensively
here, but one early example is that of physiologist Augustus Desiré Waller, who

4

Learning from Disease in Pets

recorded the first human electrocardiogram in the late 1800s. Waller used his
pet dog “Jimmy” to learn how to use electrodes and measure the recording; this
study helped launch the field of electrocardiography (Luderitz 2003). A widely
distributed and updated volume of fascicles of Animal Models of Human Disease
was published by the Armed Forces Institute of Pathology in 1979. By 1980, the
American College of Laboratory Animal Medicine had published a two-volume
series on Spontaneous Animal Models of Human Disease. More recent examples
may be more relevant to our thesis, and several of these examples are provided
below. While the discussion that follows pertains to spontaneous animal models
of disease, it is imperative to note that there are numerous limitations to using pets
in research, including less standardized animal care and signalment, prohibition
of scheduled euthanasia and post-mortem tissue collection, withholding standards
of care in negative control groups, and more. Additional information on these
limitations is covered in Chapter 7, The Use of Animals in Research. Of note is
that although many of the examples provided below are in the field of oncology,
this is because the oncologic field is a major source of disease both in veterinary
and human medicine. As stated by Cekanova and Rathore in 2014, “The development of in vivo animal models that recapitulate the natural history of human cancers and their clinical response to therapy constitute a major prerequisite for rapid
bench-to-bedside translation of investigational anticancer therapies and imaging
agents that have shown promise in in vitro models” (Cekanova and Rathore 2014).
Researchers at the University of Vienna, Austria, recently summed up these same
concepts stating it would be favorable, especially in academia, if more clinical
animal studies would be voluntarily carried out in animal patients with naturally
developed disease. This would not only benefit lab animals as well as animal
patients, but it is also of translational significance to encourage simultaneous and
thus potentially faster development of new drugs (Furdos et al. 2015). And even
more recently, Steven Dow of Colorado State University published a paper on
cancer types and settings in which the dog model is most likely to impact clinical
immuno-oncology research and drug development (Dow 2020). In addition, it is
clear that areas of disease besides studies in cancer likewise have benefited from
translational research in pets and will continue to do so. Consider the following
examples provided below.

CANCER DRUGS
• Toceranib (SU11654) is a receptor tyrosine kinase (RTK) inhibitor that is
used to treat canine mast cell tumors. Toceranib phosphate was approved
by the FDA for animal use in 2009, under the tradename Palladia™
(Zoetis, Parsippany, NJ). Sunitinib (SU11248) is a receptor tyrosine
kinase inhibitor closely related to SU11654 that is used to treat renal cell
carcinoma in people as well as specific types of gastrointestinal cancer.
Sunitinib was approved by the FDA in 2006 as Sutent®. These two molecules are structural cousins. Pharmaceutical company Sugen conducted
the original research on both of these molecules and became interested in
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targeting KIT receptor tyrosine kinases found in certain human cancers
(gastrointestinal stromal tumors, small lung cancers, acute myeloid leukemia) during the late 1990s. At that time, the company became aware
of the role of KIT mutations in canine mast cell tumors (a common cancer type found in dogs). A small clinical trial was performed in canine
patients with mast cell tumors and results were promising, thereby providing useful proof of concept data to encourage translational research
in humans. Furthermore, SU11654 demonstrated pharmacokinetic (PK)
properties comparable to SU11248 in dogs. In fact, Sutent does not have
a high therapeutic index and the PK properties seen in dogs are much
better approximations of human PK properties than that seen in murine
models. The fact that some of the same mutations identified in human
gastrointestinal stroma tumors were present in canine mast cell tumors
made this research especially informative.
		 London and colleagues concluded in 2003 that orally administered
kinase inhibitors exhibit activity against a variety of spontaneous malignancies found in dogs and, based on the similarities between canine and
human tumor biology and the presence of analogous RTK dysregulation,
that it would be likely that such agents would demonstrate comparable
antineoplastic activity in people (London et al. 2003). In 2009, Khanna
and Gordon published a commentary on the evaluation of these small
molecule tyrosine kinase inhibitors, including parallel opportunities
that were discovered and translated between canine and human health
(Khanna and Gordon 2009).
		 Verdinexor and selinexor are examples of compounds where data from
canine clinical trials informed the development of similar human therapy
(News 2014). In 2018, a research team found the orally bioavailable nuclear
export protein Exportin 1 inhibitor, Verdinexor, to be safe and effective in
a relevant, spontaneous canine model of cancer. This inhibition prevents
the export of tumor suppressor proteins and leads to their accumulation in
the nucleus, which reinitiates and amplifies their natural apoptotic function. Nuclear localized tumor suppressor proteins detect cancer-associated
DNA damage, leading to the selective apoptosis of cancer cells; normal
cells, which do not have significant DNA damage, are spared (Sadowski et
al. 2018). The US Food and Drug Administration’s Center for Veterinary
Medicine has found the effectiveness and safety technical sections for
Verdinexor complete to support conditional approval under a New Animal
Drug Application (NADA) for the treatment of canine lymphoma. The
use of Verdinexor to treat canine lymphoma has been designated a “minor
use” in accordance with the Minor Use Minor Species (MUMS) Act.
This makes the product eligible for conditional approval similar to orphan
drug/accelerated approvals used for submissions of human therapeutics.
The utilization of this animal model helped lay the groundwork for evaluation of these same selective inhibitor of nuclear export (SINE) compounds
in human cancer (London et al. 2014).
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		Selinexor (Xpovio®) was approved in July 2019 for use in combination with Dexamethasone for the treatment of adult patients with
relapsed or refractory multiple myeloma who have received at least four
prior therapies and whose disease is refractory to at least two proteasome
inhibitors, at least two immunomodulatory agents, and an anti-CD38
monoclonal antibody.
• Acalabrutinib is a Bruton’s tyrosine kinase inhibitor approved by the FDA
in 2017 to treat mantle cell lymphoma and in 2019 received supplemental approval for the treatment of chronic lymphocytic leukemia and small
lymphocytic leukemia in human patients. Studies performed in dogs with
naturally occurring cancer supported research which aided the approval of
this drug for human disease. Clinical benefit was observed in 30% (6/20)
of dogs. These findings suggested that Acalabrutinib exhibited activity in
canine B-cell lymphoma patients, was efficacious and supported the use of
canine lymphoma as a relevant model for human non-Hodgkin lymphoma
(NHL) (Harrington et al. 2016). Acalabrutinib was developed by Acerta
Pharma which was acquired by AstraZeneca in 2016.

CANCER IMMUNOTHERAPY
• Xenogeneic electro-vaccination against CSPG4 has been shown to overcome host unresponsiveness to the “self” antigen and seems to be effective in treating canine melanoma, laying the foundation for its translation
to a human clinical setting (Riccardo et al. 2014). Continued work by
these same researchers has recently shown identification of CSPG4 as a
promising target for translational combinatorial approaches in osteosarcoma (Riccardo et al. 2019). Naturally occurring melanoma in dogs has
continued to be studied as a complementary model for human melanoma
treatment (Barutello et al. 2018, Piras et al. 2017).
• Research at the University of California, Davis, demonstrated that blocking indolamine-2,3 dioxygenase rebound immune suppression would
boost antitumor effects of radio-immunotherapy in both murine models and in dogs with naturally occurring tumors (Monjazeb et al. 2016).
Continued research is currently underway further assessing indoleamine
dioxygenase inhibitors and their role in cancer treatment (Zhu, Dancsok,
and Nielsen 2019).

OTHER ONCOLOGICAL MODALITIES
• Lumicell, Inc. (Newton, MA) is developing a hand-held imaging system that allows human surgeons to assess tumor margins in real time.
Studies performed in dogs with soft tissue sarcomas have provided data
helpful in getting regulatory approval for initiating phase I and II clinical
trials for people (Eward et al. 2013, Bartholf DeWitt et al. 2016, Smith
et al. 2018).
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• In 2016, researchers at the University of Colorado School of Medicine
and Colorado State University College of Veterinary Medicine collaborated on a canine study using photodynamic therapy to treat lung cancer
via bronchoscopy (Musani et al. 2018). Like many of the aforementioned
studies, dogs with spontaneous disease were used as proof-of-concept
in order to aid with translating this work to human patients. Research
studies are ongoing in both pets and people as this form of therapy is
developed (Chen and Lee 2018).
• Currently, radioactive holmium-166 microspheres injected intratumorally
are being evaluated for the treatment of squamous cell carcinoma in both
afflicted cats and people (Bakker et al. 2018, van Nimwegen et al. 2018).
Quirem Medical BV (Deventer, Netherlands) is developing and commercializing radioactive microspheres based on holmium-166 for selective internal
radiation therapy in both human and veterinary medical applications.

INFLAMMATORY BOWEL DISEASE
• Inflammatory bowel disease (IBD) has long been studied in dogs to
assess similarities with human disease (Jergens et al. 2009). Recent work
compared protein-losing enteropathies in dogs and people to confirm (or
investigate) theories for treatment in both species (Craven and Washabau
2019). Bacteria of the genus Campylobacter have long been recognized
to cause acute diarrhea in humans (Skirrow 1977), and also found in
dogs and cats (Skirrow 1977, Blaser et al. 1980). Schneider and colleagues sum up this work in stating that so-called “reverse translational
pharmacology”, such as that seen with IBD, is an expanding field of
research with the promise to improve existing complementary models to
characterize the efficacy and safety of candidate drugs and, ultimately,
select the most promising therapeutics intended for use in humans. In
return, from the perspective of developing veterinary pharmaceuticals
for spontaneous diseases in animals, reverse translational pharmacology
presents an opportunity to leverage information from pharmacokinetic
and pharmacodynamic studies in humans for the benefit of veterinary
medicine (Schneider et al. 2018).

OPHTHALMOLOGY
• Eight years prior to the first human approval for topical Cyclosporine A to
treat dry eye disease in 2003 (RESTASIS® 0.05%; Allergan pfc, Dublin,
Ireland), Intervet Inc. (now part of Merck Animal Health) received FDA
approval for OPTIMMUNE® (0.2%) to treat chronic keratoconjunctivitis
sicca and chronic keratitis in dogs. Allergan licensed the technology from
the University of Georgia and relied on the large amount of data that had
been generated in pet dogs to move their product into the market. In 2019,
Allergan forecast sales from RESTASIS® to approach $1.2 billion.

7

8

Learning from Disease in Pets

CONCLUSION
These are just a few of the latest trends in medicine, in the push to find improved
models for developing modernized diagnostics and treatments for both humans
and pets. The chapters and discussions that follow in this book are meant to educate and aid researchers in order to demonstrate the detailed facets pertaining to
veterinary clinical research. Conventional training and credentialing, advanced
skill level, and expert environments are required to perform this work. In summary, this text will help illustrate not only the importance of using spontaneous
disease for medical progress but also provide guidance on how to perform clinical trials on veterinary patients. This field is an emerging one and is predicted to
grow and mature in the coming decades.
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