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7.1 THE MOUSE
7.1.1 INTRODUCTION
The mouse is a small mammal that belongs to the order Rodentia (Fig. 7.1). The
house mouse of North America and Europe, Mus musculus, is the species most
commonly used for biomedical research. It is likely that the mouse originated in Eur-
asia and utilized its commensal relationship with humans to spread through to other
continents as humans explored and colonized. Mouse fanciers around the turn of the
20th century are the source of the majority of the laboratory mice that are in use
today. A summary of the overarching categories of mouse models that are available
is presented in Table 7.1.

7.1.2 USES IN RESEARCH
Mice and rats make up approximately 95% of all laboratory animals, with mice the
most commonly used animal in biomedical research. Mice are a commonly selected
animal model for a variety of reasons, including small size (facilitating housing and
maintenance); short reproductive cycle and lifespan; generally mild-tempered
and docile; wealth of information regarding their anatomy, genetics, biology, and
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physiology; and the possibility for breeding genetically manipulated mice and mice
that have spontaneous mutations.

Mice have been used as research subjects for studies ranging from biology to
psychology to engineering. They are used to model human diseases for the purpose
of finding treatments or cures. Some of the diseases they model include: hyperten-
sion, diabetes, cataracts, obesity, seizures, respiratory problems, deafness, Parkin-
son’s disease, Alzheimer’s disease, various cancers, cystic fibrosis, and acquired
immunodeficiency syndrome (AIDS), heart disease, muscular dystrophy, and spinal
cord injuries. Mice are also used in behavioral, sensory, aging, nutrition, and genetic
studies. This list is in no way complete as geneticists, biologists, and other scientists
are rapidly finding new uses for the domestic mouse in research.

7.1.3 NORMATIVE BIOLOGY
Mice are mammals and their organ systems are very similar to organ systems in
humans in terms of shape, structure, and physiology. Basic physiologic data are pre-
sented in Table 7.2.

FIGURE 7.1

Laboratory Mouse.

Photo used with permission of American Association for Laboratory Animal Science.
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Mice have very long loops of Henle in the kidneys, thus allowing for maximal
concentration of their urine. As a result, urine output in mice usually consists of
only a drop or two of highly concentrated urine at a time. They also excrete large
amounts of protein in their urine with sexually mature male mice excreting the
largest levels of protein possibly as pheromones.

Mice have only two types of teeth, incisors and molars. The incisors are open-
rooted and erupt (i.e., grow) continuously throughout their lives. This predisposes
mice to malocclusion if not given feeds or objects such as nylon bones to help
wear down the teeth during mastication. The molars are rooted and, thus, do not
continuously erupt.

The stomach has two compartments with the proximal portion completely kerati-
nized and the distal portion entirely glandular. Their intestines are simple, but the
rectum is very short (1e2 mm) and hence is prone to prolapse, especially if the
animal has colitis. The gastrointestinal flora consists of more than 100 species of
bacteria that form a complex ecosystem that aids digestion and health of the mouse.

Table 7.1 Summary of the Various Categories of Mouse Types That Are
Available for Use in Research

Model Generation Uses Examples

Inbred strains 20 or more
consecutive
generations of
sister � brother or
parent � offspring
matings

Studies that require
genetically identical
animals

BALB/c, C3H,
C57BL/6, CBA,
DBA/2, C57BL/10,
AKR, A, 129, SJL

Outbred stocks Deliberate mating of
unrelated animals

Studies that require
outbred vigor

Swiss Webster,
CD-1, ICR

Spontaneous
mutant

Strains that have
been bred to
conserve
phenotypical
characteristics that
were due to
spontaneous
genetic mutations

Studies of disease
processes
associated with the
spontaneous
mutation

Athymic nude,
nonobese diabetic
(NOD)

Genetically
engineered mice/
“Knock-in”/
“Knock-out”

Mice where genes
have been turned on
or off

Studies that are
seeking to identify
the effects of
specific genes

Transgenic Mice where a gene
from an unrelated
species has been
inserted into the
genome

Studies that require
a mouse model of
human disease and
toxicology
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Mice have no sweat glands but have a relatively large surface area per gram of
body weight. This results in dramatic changes in physiology and behavior in
response to fluctuations in ambient temperature. When too cold, mice will respond
by nonshivering thermogenesis (i.e., metabolism of brown adipose tissue). In addi-
tion to the lack of sweat glands, they cannot pant or produce large amounts of saliva
to aid in cooling their body temperature. Therefore, when exposed to very hot situ-
ations, mice increase the blood flow to their ears to maximize heat loss; and in the
wild, they move into their burrows which are at cooler temperatures. The thermo-
neutral zone, the range of ambient temperatures at which the mouse does not
have to perform regulatory changes in metabolic heat production or evaporative
heat loss to maintain its core temperature, is about 85.3�Fe86.9�F
(29.6�Ce30.5�C).

7.1.4 REPRODUCTIVE PHYSIOLOGY
The female reproductive system is comprised of paired ovaries and oviducts, uterus,
cervix, vagina, clitoris, and paired clitoral glands. Pregnant female mice have hemo-
chorial placentation, similar to humans (i.e., maternal blood is in direct contact with
the chorion, the outermost layer of the fetal placental membranes). The female
mouse also has five pairs of mammary glands. The male reproductive system con-
sists of paired testes, penis, and associated sexual ducts and glands. The inguinal ca-
nals are open in the male mouse, and the testes can retract easily into the abdominal
cavity. Both sexes have well-developed preputial glands, which can become
infected. Males have a number of accessory sex glands, including large seminal ves-
icles, coagulating glands, and a prostate. Secretions from these glands make up a
large part of the mouse’s ejaculate. When mice ejaculate, the semen forms a coag-
ulum or copulatory plug.

Mice breed continuously throughout the year unless conditions are very unfavor-
able to them (e.g., lack of food). Their reproductive potential can be affected by a
number of external influences such as noise, diet, light cycles, population density,
or cage environment. Genotype also can affect reproductive performance as it is

Table 7.2 Basic Mouse Biological Data

Adult weight

Male 20e40 g

Female 25e40 g

Life span 1e3 years

Body temperature 97.7�Fe100.4�F (36.5�Ce38.0�C)
Heart rate 310e840/min

Respiration rate 163 breaths/min

Water consumption 5e8 mL/day

Food consumption 3e5 g/day
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common knowledge that some inbred strains of mice are poor breeders, and if pups
are born they may receive poor maternal care. Additional reproductive physiologic
data are presented in Table 7.3.

Mice can be bred using a one-on-one system (one male to one female; monog-
amous) or in a harem mating system (polygamous mating). In a monogamous sys-
tem, the male and female are always left together, but at weaning the pups are
removed from the cage. This system allows for maximal use of the postpartum estrus
and the maximum number of litters for the females involved, and facilitates record-
keeping and monitoring of specific breeders in the colony. In a haremmating system,
multiple males are placed with multiple females, usually at a ratio of one male to two
to six females. Usually, females are removed to separate cages just before parturition
and the postpartum estrus is underutilized.

Mouse pups are born hairless, blind, and deaf and require extensive parental care
that is provided mainly by the mother. Due to the ruddy coloration of the skin of the
hairless pups, they are also known as “pinkies.” While mouse pups can increase their
body temperature through the metabolism of brown fat stores, they are unable to
adequately conserve body heat until they develop an adequate fur coat. Thus, inclu-
sion of nesting materials in the cage is highly recommended as huddling inside the
nest can provide much needed warmth and safeguard against temperature-associated
neonatal losses.

The most reliable method for determining the sex of a mouse is by measuring the
length of the anogenital distance, i.e., the distance from the anus to the genitalia.
This distance can be measured with a ruler or animals assessed side by side with
the rear ends held up by their tails. The anogenital distance is longer in males
than females. In sexually mature animals one can also determine the sex of mice
by the presence or absence of testicles in a testicular sac.

7.1.5 MOUSE BEHAVIOR
Mice are social creatures and can be group housed easily. Their main method of
communication is via pheromones. They use these olfactory cues to establish a

Table 7.3 Basic Mouse Reproductive Reference Values

Puberty

Male 4e7 weeks

Female 4e8 weeks

Estrus cycle 4e5 days

Gestation 19e21 days

Litter size 9e12 pups

Weaning 21 days

Breeding duration 7e9 months
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pecking order (i.e., a hierarchical system of social organization). These chemicals
are so important that when cage environments are changed, such as by simple clean-
ing or with bedding changes, a bout of fighting may occur until scent marking of the
cage is completed as a way to reestablish the pecking order and social organization
in that cage.

Pheromones also play a vital role in reproduction of these animals. This is
demonstrated by the Whitten effect and the Bruce effect. The Whitten effect occurs
when a group of female mice that are not cycling are exposed to male urine, which
contains a large quantity of pheromones. The females will all resume cycling as a
group soon after the introduction of the male. In contrast, the Bruce effect is char-
acterized by abortion of litters when pregnant females are exposed to the urine of a
strange male.

As with most rodents, mice are nocturnal animals exhibiting peak levels of ac-
tivity at night. Because mice are a prey species, they display thigmotactic behavior
or wall hugging. They avoid open spaces where they might be easily caught by pred-
ators. Despite this, mice are very curious about any new objects in their territory and
will often examine them at length.

Mice not only have poorly developed eyesight but they are also color blind. A
number of inbred strains (e.g., FVB/N and C3H/He) are functionally blind by
weaning. They rely on their very sensitive hearing to escape detection and on
their sense of smell and taste to detect food (and possibly avoid poisons).
Mice can hear over a range of frequencies between 0.5 and 120 kHz; however,
normal mice are most sensitive to frequencies of 12e24 kHz. It is important to
note here that some inbred strains of mice, e.g., C57BL/6, suffer significant hear-
ing loss before 1 year of age.

Mice can climb, swim, and jump (up to a foot), though they normally prefer to
avoid swimming, if possible. Under certain conditions they display stereotypies,
which are obsessiveecompulsive behaviors. The behaviors may be strain-related,
environment-related, or study-related and include wire gnawing, circling, jumping,
and aggression. The use of environmental enrichment items such as cardboard tubes
or other structures offer the animal an area for retreat from cage mates and add
complexity to the environment.

Aggression is another important behavior that commonly occurs in group-housed
male mice. It can also occur in group-housed females and mixed-sex cages. Indica-
tions that there is an aggressive animal in the cage include bite wounds on the tail,
rump, ears, and shoulders of mice (Fig. 7.2). The wounds can be so severe as to cause
significant blood loss and abscess formation at bite sites. Aggression has been shown
to be influenced by strain, age, and prior encounters. In terms of strains, the more
aggressive strains are BALB/c, C57BL/10, C57BL/6, DBA/2, and outbred Swiss.
Methods to prevent or reduce aggression include use of properly designed enrich-
ment devices; provision of adequate space and shelter for each animal; grouping
of mice before they reach puberty; use of docile strains; and removal of dominant
animals as soon as possible.
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A common manifestation of social organization in group-housed mice is
barbering, a behavior in which a dominant mouse will trim, by chewing, the
hair or whiskers of other mice in the cage. Barbering is also sometimes referred
to as the Dalila effect. It is usually instigated by a dominant male or female
mouse. The dominant animals retain their whiskers and full hair coats, while
their cage mates have “shaved faces and bodies” (Fig. 7.3) (Garner et al.,
2004). Although barbering does not generally result in any physical harm to
the animal, removing the dominant mouse (the nonbarbered one) from the
cage is a good approach to control.

7.1.6 HOUSING AND HANDLING
General types of housing mice in a laboratory setting include: conventional,
specific pathogen free (SPF), and germ free. In conventional housing, no
attempt is made to keep out adventitious microbial and parasitic organisms.
Mice housed in this manner can be found in open-topped cages. Room air,
along with any airborne contaminants, is allowed to freely circulate into the
mouse’s cage. In addition, the food and water are not sterilized, though it should
be noted that microbial contaminants may enter into the mouse population in
this way.

SPF mice are raised in barrier conditions to ensure that they remain free of a spe-
cific list of pathogens. Care is taken to ensure that adventitious microbes and para-
sites are excluded from the animals. SPF mice are typically raised in specialized

FIGURE 7.2

Lesions caused by aggression in mice.

Photograph provided by Jenelle Johnson.
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caging such as microisolator cages. These cages contain a 0.22 mm filter top that aids
in the exclusion of microbes and parasites. Individually ventilated caging systems
include a rack of microisolator cages, each of which receives a filtered air supply
(Fig. 7.4). Under SPF conditions, everything that comes into contact with the animal
should be sterilized or disinfected. This includes, but is not limited to, the water,
food, bedding, and caging. Special care must be taken by anyone handling the
mice, including researchers, to ensure that handling and experimental procedures
do not introduce potential pathogens into the colony. Thus, all handling and proced-
ures done on SPF mice are often performed under HEPA-filtered air conditions, such
as within a biosafety cabinet. Placing the mouse in an unfiltered environment
(“room” air), even for a moment, is enough to potentially colonize the mouse
with a whole host of adventitious microorganisms, thus destroying its SPF status.
Once a contaminated mouse is placed back into the colony, the entire colony is at
risk for infection.

Germ-free, or axenic, mice are raised to contain no microbes or parasites what-
soever. Raising germ-free mice requires strict barrier maintenance. Usually, this re-
quires the use of flexible film isolators which provide HEPA-filtered air to the mice
within the isolator. Additionally, any materials (e.g., food, water, and bedding) must
be sterilized or thoroughly disinfected prior to being moved into the isolator unit so
as not to contaminate the living space of the germ-free rodents with adventitious mi-
croorganisms. All procedures performed within the flexible film isolator must utilize
strict aseptic technique for the same reason.

In addition to the microbiological environment of the animal’s housing systems,
mice need to be housed at specific environmental parameters otherwise they may
experience stress. The Guide for the Care and Use of Laboratory Animals,

FIGURE 7.3

An example of barbering of one mouse (right) by the other mouse (left).

Photograph provided by Jenelle Johnson.
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8th edition (National Research Council, 2011) is an internationally accepted docu-
ment that outlines and discusses globally accepted environmental parameters for
housing different species of animals including the mouse. Table 7.4 outlines the spe-
cific environmental requirements listed in this document for housing mice.

Mice are omnivorous and coprophagic with at least one-third of their diet being
the consumption of their feces. In the laboratory setting mice are fed a clean, whole-
some, and nutritious pelleted rodent diet ad lib. There are many commercially
formulated diets for the various stages of life and for animals with specific induced
diseases such as diabetes mellitus or hypertension. These diets may be available as
autoclavable or irradiated forms to prevent transmission of disease via contaminated
feed. There are also a variety of “pet” treats available for mice. However, the treats
should not make up more than 5e10% of the daily diet.

Mice should be provided with a continuous supply of water daily. If the animals
do not get enough water daily, their food consumption will decrease. The animals
will also look scruffy and unhealthy. Mice can be provided with water from water
bottles or pouches, automatic watering systems with nipples, or water-based gel
packs.

FIGURE 7.4

Individually ventilated caging system for mice.

Photo provided by Kay Stewart.
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7.1.7 DISEASES
Some general signs of ill health include: weight loss, depression or lethargy,
anorexia, obesity, diarrhea, scruffiness or ruffled coats, abnormal breathing, sneez-
ing, weakness, dehydration, enlarged abdomen, discolorations (e.g., yellow for jaun-
diced animals or very pale for anemic animals), masses or swellings, and abnormal
posture or gait. Body condition scoring is an objective measure to truly assess how
fat or thin the animal is and can be used for accurate determination of endpoints in
studies where animals are expected to lose or gain weight (Fig. 7.5) (Ullman-Cullere
and Foltz, 1999). Some of the more commonly found diseases of mice are presented
in Table 7.5. Noninfectious disorders are presented in Table 7.6.

Based on their genetic and physiologic makeup, mice can be either immunocom-
petent or immunodeficient. Immunocompetent means that the mouse has a normal
functioning immune system and can stage an immune response to any insult or injury.
In contrast, immunodeficient means that some component or components of the
mouse’s immune system is not working or functioning normally, and so they cannot
stage an adequate immune response and are more susceptible to infectious disease.
Immunosuppressed mice are mice that have a complete immune system but because
of a drug or chemical or disease state, the immunological response is attenuated.

7.2 THE RAT
7.2.1 INTRODUCTION
Rats and humans have a long history of coexistence. The origins of the laboratory
rat, also known as the Norway rat, stretch back centuries to the areas of modern
day China and Mongolia (Burt, 2006; Song et al., 2014). The dispersal of the

Table 7.4 Environmental Parameters for Mice

Dry-bulb macroenvironmental
temperature

20e26�C (68e79�F)

Relative humidity 30e70%

Air changes per hour in the
animal rooms

10e15 ACH

Light 130e325 lux 1 m (3.3 ft.) above
the floor

Floor space requirements

Weight: <10 g 6 in.2 (38.7 cm2)

Up to 15 g 8 in.2 (51.6 cm2)

Up to 25 g 12 in.2 (77.4 cm2)

>25 g �15 in.2 (�96.7 cm2)

Female and litter 51 in.2 (330 cm2)

Cage height requirements 5 in. (12.7 cm)
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Norway rat has occurred across the centuries and its natural habitat stretches from
the Mediterranean across Southeast Asia and down into Australia and New Guinea
(Song et al., 2014). Unfortunately, most people associate rats with disease and
destruction. Throughout history, outbreaks of bubonic plague, typhus, and hantavi-
ruses have had an unwitting accomplice in the rat (Zinsser, 1935; Benedictow, 2004;
Firth et al., 2014). Over the centuries, rats have also been used for food

Mouse is emaciated.

• Skeletal structure extremely prominent; 
little or no flesh cover.

• Vertebrae distinctly segmented.

Mouse is underconditioned.

• Segmentation of vertebral column evident.
• Dorsal pelvic bones are readily palpable.

Mouse is well-conditioned.

• Vertebrae and dorsal pelvis not prominent; 
palpable with slight pressure.

Mouse is overconditioned.

• Spine is a continuous column.
• Vertebrae palpable only with firm pressure.

Mouse is obese.

• Mouse is smooth and bulky.
• Bone structure disappears under flesh and 

subcutaneous fat.

A “+” or a “"” can be added to the body condition score 
if additional increments are necessary (i.e. …2+, 2, 2–…)

BC 1

BC 2

BC 3

BC 4

BC 5

FIGURE 7.5

Mouse body condition (BC) scoring chart (Ullman-Cullere and Foltz, 1999).
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Table 7.5 Infectious Diseases of Mice

Pathogen
Common Names
of Diseases

Fatal/Self-
Limiting

Effects on
Research

Parvoviruses Minute virus of mice
(MVM)
Mouse parvovirus
(MPV)

Self-limiting
Asymptomatic

Can distort
biological
responses that
depend on cell
proliferation,
primarily on immune
cells such as
cytotoxic T cells.

Lymphocytic
Choriomeningitis
virus (LCMV)

ICdself-limiting and
asymptomatic
In others it can lead
to clinical signs and
death

Death of animals on
research
Affects
immunological
function
Zoonotic

Reoviruses Reovirus 1, 2, or 3 Disease and
mortality in suckling
mice

High mortality in
young mice
May be oncolytic
Interference with
organ systems

Rotavirus (Epizootic
diarrhea of Infant
mice)

Infection primarily in
young mice but self-
limiting

Clinical illness leads
to diarrhea and
retarded growth.

Coronaviruses Mouse hepatitis
virus (Mouse
coronaviruses)

ICdasymptomatic
IDS and suckling
micedclinical
disease and death

Numerous effects
including affecting
immunological
responses,
contaminate
transplantable
neoplasms, altering
tissue enzymes,
and causing clinical
disease.

Mycoplasmosis Mycoplasma
pulmonis
Mycoplasma
arthritidis
Mycoplasma
neurolyticum
Mycoplasma collis

Rhinitis
Otitis media
Chronic pneumonia
Infertility
Can be fatal

Cause clinical
disease
Compromise
experiments
involving respiratory
tract
Alter immunological
responses
Contamination of
cell lines and
tumors

Cilia-associated
respiratory (CAR)
bacillus

Bacillus sp. Respiratory disease
Clinical diseased
rare

Continued

7.2 The Rat 129



Table 7.5 Infectious Diseases of Micedcont’d

Pathogen
Common Names
of Diseases

Fatal/Self-
Limiting

Effects on
Research

Helicobacteriosis Helicobacter
hepaticus
Helicobacter bilis,
Helicobacter
muridarum,
Helicobacter
rodentium,
Helicobacter
typhlonius

ICd asymptomatic
IDSd inflammatory
bowel disease,
Diarrhea, rectal
prolapse

Affects liver
enzymes in some
strains of mice
Morbidity and
mortality in mice

Alter immune
function

Mycobacteriosis Mycobacteria
avium-intracellulare

Granulomatous
pneumonia and
microgranulomas in
other major organs

Morbidity

Mycobacteria
leprae-murium

Pneumocystosis Pneumocystis
carinii

ICdasymptomatic
IDSd severe
disease; pneumonia
May be fatal

Pneumonia in IDS
mice; may be fatal

Nematodes
(Mouse pinworms)

Syphacia obvelata
Aspicularis
tetraptera

Asymptomatic with
gastrointestinal
lesions such as
enteritis and fecal
impaction

Unthriftiness in mice
Alter the immune
responses in animal

Acariasis (Mite
infestation)

Myobia musculi
Myocoptes
musculinus
Radfordia affinis

Skin lesions,
excessive pruritus
(scratching), hair
loss, dermatitis

Disrupt
immunological
responses
Severe clinical
disease

IC, immune competent; IDS, immune compromised.

Table 7.6 Noninfectious Disorders of Mice

Disorder Cause Effects on Research

Hypothermia Room environment too cold Can distort biological responses of
the mouse due to cold stress

Hyperthermia Room environment too hot Death of animals

Ringtail Relative humidity of less than 30%;
causes circular constrictions of the
tail

Can lead to loss of tail

Malocclusion Genetic; poor alignment of the
incisors leads to overgrown teeth

Inability to eat
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(e.g., in Imperial China), companionship, and sport (Gorn and Goldstein, 2004; Hop-
kins et al., 2004; Burt, 2006). Ratting, a vicious blood sport where people laid bets
on the dog that could kill the most rats in a given period of time was especially pop-
ular in both the Victorian England and American Underworld (Thomas and
Mayhew, 1998; Gorn and Goldstein, 2004). At the turn of the 20th century, breeding
rats as a hobby or for companionship (i.e., “fancy rats”) was recognized by the addi-
tion of “rat” to both the name and mission of National Mouse Club in the United
Kingdom (American Fancy Rat and Mouse Association, 2014). However, as interest
in pet rats waned over the following years, the club reorganized and dropped “rat”
from its name. A similar club, the American Fancy Rat and Mouse Association, was
founded in the United States in 1983 (American Fancy Rat and Mouse Association,
2014).

7.2.2 USES IN RESEARCH
The first recorded use of rats as research subjects occurred in 1828 (Hedrich, 2000),
and the first known rat breeding experiments occurred in the late 1800s (Lindsey and
Baker, 2006). The first major effort to perform research in the United States using
laboratory rats occurred at the Wistar Institute of Philadelphia, the oldest indepen-
dent research institute in the United States, in 1894 (Lindsey and Baker, 2006).

Rattus norvegicus constitutes one of the most commonly used laboratory species
(Fig. 7.6), second only to the laboratory mouse. Because rats and mice are not
included under the Animal Welfare Act Regulations, the precise number of these
species used per year within the United States is unavailable. However, examining
the data collected within the European Union can give some indication of their
use relative to other common laboratory animal species. In 2011, rats accounted
for just fewer than 14% (1.6 million) of the total animals (11.5 million) used in
research within the European Union (European Commission, 2013). This contrasts
to mice, which constituted 61% (6.9 million) of the total animals used within the
European Union (European Commission, 2013).

Rats possess a number of qualities which make them a highly suitable and much
preferred animal model. Like mice, these traits include relatively small size; known
genetic background; short generation time; similarities to human disease conditions;
and known microbial status. Their tractable nature makes them easier to handle in a
laboratory setting than many other rodents. Rats rarely bite their handlers unless
extremely stressed or in pain.

Rats have been used as animal models in numerous areas of research from space
exploration to answering more basic scientific questions regarding nutrition, ge-
netics, immunology, neurology, infectious disease, metabolic disease, and behavior.
Perhaps their largest use is in drug discovery, efficacy, and toxicity studies. In the
United States, the approval of any new drug for use in humans or animals usually
necessitates that toxicity testing be done in at least one small animal species (e.g.,
rodents) and one large animal or target species (e.g., dog, nonhuman primate).

7.2 The Rat 131



7.2.3 NORMATIVE BIOLOGY
There are known physiologic differences between the numerous outbred stocks and
inbred strains of rats. The Rat Genome Database (RGD) is an extensive, free
resource filled with information regarding the different phenotypes, models, and
genomic tools used in rat research (Laulederkind et al., 2013). Vendors of commer-
cially available rat stocks and strains are often good resources for normal physio-
logic data of these strains. Many provide stock- and strain-specific data directly
on their websites such as growth curves, complete blood count and serum biochem-
istry panels, and spontaneous lesions seen on histopathology. A summary table of
normal physiologic references is in Table 7.7.

7.2.4 REPRODUCTIVE BIOLOGY
Sexual dimorphism exists between male and female rats. Sexing of adult rats is most
easily done by examining the perineal area of the rat and identifying the external
reproductive structures such as the penis, testes, or vagina. In addition, male rats
are typically larger and weigh significantly more than their age- and strain-

FIGURE 7.6

Two juvenile Lobund-Wistar laboratory rats.

Photo provided by Kay Stewart.
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matched female counterparts. Sexing of rat pups is most easily performed by exam-
ining the distance between the anus and genital opening in the pup. Males have a
greater anogenital distance than females.

Male rats possess paired testicles that descend from the abdomen into the
scrotal sac at approximately 15 days of age (Russell, 1992). Due to the lack of
closure of the inguinal rings, the testes may be retracted into the abdominal cavity
even as an adult. The male rat also possesses a number of accessory sex glands. A
four-lobed prostate is present along with four other paired glands, including: the
seminal vesicles, coagulating glands, ampullary glands, and bulbourethral glands
(noted in some texts by the older name, Cowper’s gland) (Popesko et al., 1992).
Due to the unusual bihorned shape of the closely associated coagulating gland
and seminal vesicles, individuals unfamiliar with rodent male anatomy may
initially mistake these structures for the female uterus. However, the apices of
these glands are freely mobile and easily exteriorized from the abdominal cavity
unlike the uterus, which is attached to the dorsal body wall bilaterally via paired
ovaries and their respective ovarian ligaments.

The reproductive anatomy of the female rat contains some distinct features. The
uterus of the female rat is classified as a duplex uterus, because the vagina is sepa-
rated from the uterus by two individual cervices with each cervix leading to a sepa-
rate uterine horn (Popesko et al., 1992). The placentation of the pregnant rat is
hemotrichorial (three layers) rather than the hemomonochorial (single layer)
placentation present in humans (Wooding and Burton, 2008). The rest of the repro-
ductive anatomy (e.g., ovary, oviduct) is structurally and functionally similar to
other mammals. A summary of basic reproductive physiology is presented in
Table 7.8.

Rat pups are born hairless, blind, and deaf and require extensive parental care
that is provided mainly by the mother. As with mice, the skin of the hairless rat
pups has a pink coloration, thus they are also referred to as “pinkies.” The inclusion
of nesting materials in the cage is recommended to assist the rat pups with thermal
regulation until they have a full hair coat (Whishaw and Kolb, 2005).

Table 7.7 Basic Rat Biological Data

Adult weight

Male 260e1000 g

Female 225e500 g

Life span 1e3 years

Body temperature 97.7�Fe100.4�F (36.5�Ce38.0�C)
Heart rate 310e493/min

Respiration rate 145 breaths/min

Water consumption 15e20 mL/day

Food consumption 22e33 g/day
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7.2.5 NORMAL BEHAVIOR
Like other rodents, Rattus norvegicus is a nocturnal species with the highest level of
activity occurring during the dark phase. Behaviors exhibited by rats include groom-
ing, nesting, eating, and other social behaviors. Nesting behavior serves several pur-
poses among rats and mice (Gaskill et al., 2012, 2013a,b,c). Nests allow for better
thermoregulatory control within a given environment as well as protection against
predation (Gaskill et al., 2013c). Recent work in mice suggests that energy not
diverted to thermoregulation can be shunted to other activities as seen via improved
feed conversion and breeding performance (Gaskill et al., 2013c). However, anec-
dotal evidence suggests that nest building in rats is largely a learned behavior,
and it appears that there is a developmental period in young rats whereupon if
exposed to nesting materials during this time they will begin using the materials
to build at least rudimentary nests (Gaskill, 2014). At a minimum, rats benefit
from having a structural shelter or nest box into which they may rest away from pry-
ing eyes (Fig. 7.7).

Rats emit alarm vocalizations during times of distress. However, these negatively
associated vocalizations typically register in the ultrasonic wavelengths (approxi-
mately 22 kHz), well outside of the human hearing range (Burman et al., 2007;
Parsana et al., 2012). Rodents may also emit high-pitched audible vocalizations
when extremely alarmed, distressed, or in pain (Jourdan et al., 1995; Han et al., 2005).

As discussed in Chapter 5, rats exhibiting abnormal behaviors and stereotypies
can create variables in the research findings and should not be used in a study unless
abnormal behavior is the object of the study subjects (Baenninger, 1967; Callard
et al., 2000; Garner and Mason, 2002; Cabib, 2005; Ibi et al., 2008). Examples of
stereotypies seen in rats include: bar-gnawing, pawing behavior, repetitive circling,
and backflipping. It is critical that rats should be provided some form of environ-
mental enrichment to stimulate positive species-typical behaviors.

7.2.6 HOUSING
The housing of rats in a laboratory setting is similar to that described previously for
mice: conventional, SPF, and germ free. As rats are social animals, at minimum, they

Table 7.8 Basic Rat Reproductive Reference Values

Puberty

Male 45 days

Female 33e42 days

Estrus cycle 4e5 days

Gestation 21e23 days

Litter size 9e12 pups

Weaning 21e28 days

Breeding duration 7e9 months
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should be housed in pairs whenever possible. There is a preponderance of evidence
that shows the differences in affiliative versus aggressive behavior, biochemical
changes, and changes in learning between rats raised and housed in social isolation
versus those housed in social groups (Baenninger, 1967; Einon and Morgan, 1977;
Robbins et al., 1996).

Enrichment items, such as a hut, nesting box, or similar type of shelter may be
included in the cage to provide a visual barrier between the rat and the rest of the
animal room. Evidence suggests that rats prefer shelters made from opaque plastic
(Patterson-Kane, 2003). Rats also spend a lot of time in the wild chewing either for
eating or for manipulating objects for nest building. Providing objects made of safe
materials in the cage allows the rats to exhibit this natural behavior and encourage
the normal wear of the rat’s incisors, minimizing the incidence of malocclusion of
the teeth.

Rodents can benefit from frequent gentle handling by the researcher and animal
care staff. This concept is also known as “gentling” and has been demonstrated to
reduce the stress experienced by rats during experimental handling and procedures
(Hirsjarvi et al., 1990; van Bergeijk et al., 1990). Another positive interaction be-
tween humans and rats is found in the “tickling” of rodents. Based on ultrasonic
vocalization data, rodents find tickling a pleasurable experience (Burgdorf and
Panksepp, 2001; Panksepp, 2007; Hori et al., 2014). Tickling may also decrease
the stress response seen in rodents after experimental manipulations like intraperi-
toneal injections (Cloutier et al., 2014).

FIGURE 7.7

A multilevel cage with an intracage shelter. This style of caging provides opportunities for

exercise for the rats.

Photo provided by Melissa Swan.
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7.2.7 DISEASES
As for mice, some general signs of ill health would include: weight loss, depression
or lethargy, anorexia, obesity, diarrhea, scruffiness or ruffled coats, abnormal breath-
ing, sneezing, weakness, dehydration, enlarged abdomen, discolorations (e.g., yel-
low for jaundiced animals or very pale for anemic animals), masses or swellings,
and abnormal posture or gait. When assessing animals, a body condition score
can be used as an objective measure or scale to truly assess how fat or thin the animal
is; and it allows for the accurate determination of endpoints in studies where animals
are expected to lose or gain weight (Hickman and Swan, 2010) (Fig. 7.8). Some of
the more commonly found diseases of rats are presented in Table 7.9.

7.3 THE RABBIT
7.3.1 INTRODUCTION
The ancestral home of the European rabbit (Oryctolagus cuniculus) is the Iberian
Peninsula (Hardy et al., 1995). The earliest archeological evidence of the coexis-
tence of humans and rabbits can be found in excavation sites dated at approximately
120,000 years BCE in Nice, France (Dickenson, 2013). In antiquity, Romans used
rabbits as a food source and are thought to be responsible for their dispersal
throughout Europe, although there is no evidence that they attempted to actually
domesticate them (Dickenson, 2013). Domestication and selective breeding is
thought to have begun in France in the Middle Ages where monks began to breed
rabbits in their monasteries (Dickenson, 2013). The rabbits were kept confined in
enclosures called “clapiers”(Dickenson, 2013). They were kept largely as a source
of food for the monks especially since 600 CE when Pope Gregory I officially clas-
sified them as “fish” and thus eligible to being eaten during Lent. However, rabbit
wool production soon became a welcome by-product of these domestication efforts.

7.3.2 USES IN RESEARCH
European rabbits have been used in research since the middle of the 19th century.
Early work with the species was concentrated on the comparative anatomy of the
rabbit with other species, such as the frog, and the unique features of the rabbit’s
heart and circulatory system (Champneys, 1874; Roy, 1879; Smith, 1891). Louis
Pasteur used rabbits in a series of experiments that led to the development of the
world’s first rabies vaccine (Rappuoli, 2014).

While there are numerous so-called “fancy” breeds of rabbits available in the pet
trade, the list of breeds routinely used in research is much shorter. The New Zealand
White (NZW) rabbit is the most frequent breed of used in research (Fig. 7.9). The
California and Dutch-belted rabbit breeds are also occasionally used. Researchers
have developed genetically inbred rabbit strains for particular research applications.
For example, the Watanabe heritable hyperlipidemic (WHHL) and the myocardial
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infarction-prone WHHL rabbit (WHHLMI), both developed by researchers in Japan,
are used to explore diseases associated with dyslipidemia such as atherosclerosis
(Shiomi et al., 2003; Shiomi and Ito, 2009).

Rabbits have been used as a model of human pregnancy and for the production of
polyclonal antibodies for use in immunology research (Hanly et al., 1995; Ema et al.,
2010; Ito et al., 2011; Fischer et al., 2012). Rabbits are routinely used in

BC 1
Rat is emaciated

• Segmentation of vertebral column prominent 
if not visible.

• Little or no flesh cover over dorsal pelvis. 
Pins prominent if not visible.

• Segmentation of caudal vertebrae 
prominent.

BC 2
Rat is under conditioned

• Segmentation of vertebral column prominent.
• Thin flesh cover over dorsal pelvis, little 

subcutaneous fat. Pins easily palpable.
• Thin flesh cover over caudal vertebrae, 

segmentation palpable with slight pressure.

BC 3
Rat is well-conditioned

• Segmentation of vertebral column easily 
palpable.

• Moderate subcutaneous fat store over pelvis. 
Pins easily palpable with slight pressure.

• Moderate fat store around tail base, caudal 
vertebrae may be palpable but not 
segmented.

BC 4
Rat is overconditioned

• Segmentation of vertebral column palpable 
with slight pressure.

• Thick subcutaneous fat store over dorsal 
pelvis. Pins of pelvis palpable with firm 
pressure.

• Thick fat store over tail base, caudal 
vertebrae not palpable.

BC 5
Rat is obese

• Segmentation of vertebral column palpable 
with firm pressure; may be a continuous 
column.

• Thick subcutaneous fat store over dorsal 
pelvis. Pins of pelvis not palpable with firm 
pressure.

• Thick fat store over tail base, caudal 
vertebrae not palpable.

FIGURE 7.8

Rat body condition (BC) scoring chart (Hickman and Swan, 2010).
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Table 7.9 Infectious Diseases of Rats

Pathogen
Common Names
of Diseases

Fatal/Self-
Limiting

Effects on
Research

Parvovirus Kilham rat virus; rat
parvovirus

Asymptomatic Immunomodulatory

Staph infection Staphylococcus
aureus

Dermatitis;
septicemia

Significant clinical
illness can result in
necessity for
euthanasia of the
animal

Mycoplasmosis Mycoplasma
pulmonis
Mycoplasma
arthritidis
Mycoplasma
neurolyticum
Mycoplasma collis

Rhinitis
Otitis media
Chronic pneumonia
Infertility
Can be fatal

Cause clinical
disease
Compromise
experiments
involving respiratory
tract
Alter immunological
responses
Contamination of
cell lines and tumors

Cilia-associated
respiratory (CAR)
bacillus

Bacillus sp. Respiratory disease
Clinical
diseasedrare

Helicobacteriosis Helicobacter
hepaticus
Helicobacter bilis,
Helicobacter
muridarum,
Helicobacter
rodentium,
Helicobacter
typhlonius

ICdasymptomatic
IDSd inflammatory
bowel disease,
diarrhea, rectal
prolapse

Affects liver
enzymes in some
strains of rats
Morbidity and
mortality in rats
Alter immune
function

Mycobacteriosis Mycobacteria
avium-intracellulare
Mycobacteria
leprae-murium

Granulomatous
pneumonia and
microgranulomas in
other major organs

Morbidity

Pneumocystosis Pneumocystis
carinii

ICdasymptomatic
IDSdsevere
disease;
pneumonia
May be fatal

Pneumonia in IDS
rats; may be fatal

Nematodes
(Mouse pinworms)

Syphacia obvelata
Aspicularis
tetraptera

Asymptomatic with
gastrointestinal
lesions such as
enteritis and fecal
impaction

Unthriftiness in mice
Alter the immune
responses in animal

Acariasis (Mite
Infestation)

Myobia musculi
Myocoptes
musculinus
Radfordia affinis

Skin lesions,
excessive pruritus
(scratching), hair
loss, dermatitis

Disrupt
immunological
responses
Severe clinical
disease

IC, immune competent; IDS, immune compromised.
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atherosclerosis, osteoporosis, ocular, and immunology research (Southard et al.,
2000; Arslan et al., 2003; McMahon et al., 2005; Castaneda et al., 2008; Habjanec
et al., 2008; Manabe et al., 2008; Xiangdong et al., 2011; Panda et al., 2014; Sriram
et al., 2014; Wei et al., 2014; Zhou et al., 2014). The production of polyclonal
antibodies is preferentially performed in the rabbit due to its relatively large blood
volume compared to rodents (Hanly et al., 1995). Their tractable nature and larger
body size also make them suitable for surgical implantation of biomedical devices
(Gotfredsen et al., 1995; Swindle et al., 2005; Ronisz et al., 2013). Additionally,
rabbits are a favored model in pharmacologic studies for teratogenicity testing of
novel pharmaceutic compounds (Gibson et al., 1966; Lloyd et al., 1999; Foote
and Carney, 2000; Jiangbo et al., 2009; Oi et al., 2011).

7.3.3 NORMATIVE BIOLOGY
While much of the anatomy of the rabbit is similar to other mammalian species, it
should be noted that there are a number of key differences. For example, the skin of
the rabbit is quite thin and fragile. Care should be taken when restraining a rabbit or
shaving a rabbit’s fur (e.g., in preparation for surgery) to avoid tearing the skin. Un-
like rodents and other laboratory animals, rabbits do not have pads on their feet;
rather, the plantar surface is covered with fur (Quesenberry and Carpenter, 2012).

FIGURE 7.9

New Zealand White rabbits are commonly used in research.

Photo provided by Kay Stewart.

7.3 The Rabbit 139



The long ears of the rabbit serve several purposes. The most obvious is for hear-
ing. In addition, the central ear artery and marginal ear veins are easily accessible
for both intravenous administration and blood sampling (Diehl et al., 2001;
Parasuraman et al., 2010) (Fig. 7.10). The ears also serve as a means of thermoreg-
ulation, as excess heat may be exchanged across the large surface area of the ears
(Sohn and Couto, 2012). The skin of rabbits lacks sweat glands and is therefore un-
able to sweat; panting is insufficient to dissipate the excess heat (Sohn and Couto,
2012). Thus, the ears play a vital role in maintaining proper body temperature. Other
unique features of the skin and adnexa are the presence of chin and inguinal glands
used in scent marking. Additionally, the female rabbit (doe) is noted by the presence
of a large skin fold filled with subcutaneous fat just under the chin (the dewlap)
(Sohn and Couto, 2012).

The skeleton of rabbits makes up only 8% of the body weight by mass (Brewer,
2006). This is in contrast to other similarly sized mammals. For example, the cat
skeleton makes up 12e13% of body weight (Brewer, 2006). The small skeletal
mass of the rabbit coupled with strong back muscles mean that the back is prone
to traumatic fracture (Meredith and Richardson, 2015). Proper holding and restraint
techniques are necessary to avoid this undesirable outcome.

There are several unique features of both the respiratory and cardiovascular sys-
tems of rabbits. For example, rabbits are obligate nose breathers (Varga, 2014). This
is especially important during procedures involving anesthesia and placement of an
endotracheal tube. With respect to the cardiovascular system, the rabbit heart is
unique in that the right atrioventricular (AV) valve has only two leaflets instead of
three (Brewer, 2006). Additionally, due to the similarity to humans with respect
to the neural anatomy of the ventricles, the rabbit is the species of choice for Pur-
kinje fiber research (Brewer, 2006).

FIGURE 7.10

Blood collection sites include the central ear artery (black line) and marginal ear vein

(burgundy line) of a New Zealand White rabbit.

Photo provided by Deb Hickman.
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Rabbit teeth are “open-rooted” meaning that they continue to erupt and grow
throughout life. This applies to all of the teeth in the rabbit dental arcade (i.e., inci-
sors, premolars, and molars; rabbits do not have canines). This contrasts with ro-
dents, where the incisors are the only open-rooted (or hypsodontic) teeth (Sohn
and Couto, 2012). Thus, rabbit teeth are subject to overgrowth. Another unique
feature of rabbit dentition that sets them apart from rodents is the presence of a sec-
ond set of incisors just behind the first set of upper incisors known as “peg” teeth
(Sohn and Couto, 2012). They are thought to aid in tearing off the succulent leaves
of plants while grazing.

As an obligate herbivore, the gastrointestinal tract of rabbits differs greatly from
that of carnivores and omnivores. Rabbits require a high fiber diet of between 14 and
20% (Sohn and Couto, 2012). The small intestine is divided up into three main sec-
tions: the duodenum, jejunum, and ileum. The ileum connects to the cecum via a
structure called the sacculus rotundus. The presence of lymph follicles suggests
that the sacculus rotundus has immunological functions. It is sometimes referred
to as the ileocecal “tonsil” (Jenkins, 2000). In the rabbit, gastric associated lymphoid
tissue is also present in the small intestine and the vermiform appendix (Lanning
et al., 2000).

The cecum, a large distensible outpouching of the large intestine, holds up to an
estimated 40% of the total ingesta (Sohn and Couto, 2012). Rabbits are considered to
be “hindgut fermenters.” Bacteria present in the cecum ferment the digestible fiber
found within the diet. The product of this fermentative process becomes cecotrophs
(also known as “night feces”). Cecotrophs are excreted roughly 8 h after the initial
foodstuffs are ingested (Sohn and Couto, 2012). They are softer and more mucoid in
appearance than the hard, dry “day feces” produced just 4 h after consuming food
(Sohn and Couto, 2012). The bulk of day feces consists of the indigestible fiber
found in the diet. The sorting of foodstuffs destined to become either day feces or
cecotrophs and the timing of their relative excretion is largely dependent upon the
neural input of the fusus coli, also termed the “pacemaker” of the colon (Sohn
and Couto, 2012). The fusus coli is anatomically located between the ascending
and transverse colons of the rabbit (Popesko, 1992). Consumption of cecotrophs
by rabbits is an important part of the digestive process in rabbits as they are rich
in B vitamins, such as niacin and B12, and vitamin K (Hörnicke, 1981). While ceco-
trophs are known colloquially as “night feces,” rabbits produce and eat them at all
hours of the day (Sohn and Couto, 2012). Rabbits are agile enough to eat these night
feces directly from their anus (Sohn and Couto, 2012). Those researchers perform-
ing digestive research (e.g., fecal collection via metabolism cages) should keep this
in mind.

7.3.4 REPRODUCTIVE BIOLOGY
Sexing of adult rabbits is aided by the sexual dimorphism present in the species.
Mature females are readily identified by the presence of the dewlap (Sohn and
Couto, 2012). Females have 8e10 nipples, while in males these nipples are present,
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but rudimentary (Sohn and Couto, 2012). NZW rabbits reach sexual maturity be-
tween 5 and 7 months (Suckow et al., 2002). Reproductive data are summarized
in Table 7.10.

Mature bucks have paired testicles enclosed in paired hairless scrotal sacs (Sohn
and Couto, 2012). Like rodents, the inguinal rings do not close. Accessory sex
glands include several bilobed organs: the seminal vesicle, vesicular gland, prostate,
and paraprostatic gland. The bulbourethral glands of bucks are paired (Sohn and
Couto, 2012).

Female rabbits are induced ovulators (Dal Bosco et al., 2011; Sohn and Couto,
2012). That is, the egg does not ovulate spontaneously from the ovary, rather manual
stimulation via copulation is required. Ovulation occurs approximately 10 h postco-
pulation (Sohn and Couto, 2012). Because they are induced ovulators, does do not
have a defined estrous cycle. Rather, they have periods of sexual receptivity lasting
approximately 14e16 days followed by 1e2 days of nonreceptivity. Nonfertile mat-
ings may result in a period of pseudopregnancy of up to 15e16 days (Sohn and
Couto, 2012). Fertile matings result in pregnancy lasting 31e32 days (Sohn and
Couto, 2012). The placenta of rabbits is classified as hemodichorial; this is in
contrast to humans which have a hemomonochorial placenta (Furukawa et al.,
2014).

Birthing (i.e., parturition; also known as “kindling”) occurs most often during the
early morning hours (Sohn and Couto, 2012). Kits are born deaf and blind. By 7 and
10 days of age they can hear and see, respectively (Quesenberry and Carpenter,
2012). Amazingly, does suckle their young ones daily, usually during the dark phase,
and for approximately only 5e6 min (Sohn and Couto, 2012). The kits are able to
drink about 30% of their entire body weight in that time. Wild and domesticated
does both follow this nursing behavior. Rabbit kits may be weaned between 5 and
8 weeks of age (Suckow et al., 2002). Earlier weaning should not be attempted as
there may be profound detrimental effects on the functioning of the gastrointestinal
system (Bivolarski and Vachkova, 2014).

7.3.5 BEHAVIOR
Rabbits are very social, nocturnal creatures. Scent marking is a normal and impor-
tant part of their behavior repertoire. Rabbits will rub the secretions from their chin
scent glands against inanimate objects, other rabbits, and human handlers in a pro-
cess called “chinning” (Sohn and Couto, 2012). Dominance hierarchies are estab-
lished behaviorally. Dominant animals may mount, “barber,” or scent-mark
subordinates (Sohn and Couto, 2012). Barbering is the act of chewing the hair of
a subordinate animal, usually on the neck and back in the case of rabbits, very close
to the skin giving the appearance of having been cut or “barbered” (Bays, 2006).
Rabbits will “thump” one or both back feet on the ground when frightened or as
an alarm call to other rabbits (Bays, 2006). Highly stressed rabbits may actually
emit a loud, piercing scream, especially when roughly caught by an untrained indi-
vidual (Bays, 2006). It is important to approach rabbits calmly and quietly. Relaxed,
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content rabbits may be heard making a purring sound (Bays, 2006). Rabbits benefit
by repeated, positive interactions with people similar to the concept of “gentling” in
rats (see Section 7.2).

Changes in behavior are often first indication that an animal is in pain. Given that
rabbits are a prey species, it is evolutionarily speaking not in a rabbit’s best interest
to display signs of pain. Thus, these behaviors are most often quite subtle in nature
and may be easily missed if particular attention is not paid. The first sign often seen
in a rabbit experiencing pain is a decreased appetite resulting in little to no food
intake (Sohn and Couto, 2012). Rabbits will often grind their teeth (i.e., bruxism)
when experiencing pain (Sohn and Couto, 2012). Other rabbits may simply appear
very dull and inactive.

As with rodents, rabbits can develop stereotypies. Due to the sensitivity of the
rabbit’s nose and lips many stereotypies involve chewing behaviors. Bar chewing,
chewing on the water bottle, and self-barbering are all stereotypical behaviors
seen in rabbits (Gunn and Morton, 1995; Chu et al., 2004). In addition, rabbits
may engage in “nose sliding” against solid surfaces like the cage walls and head
swaying (Sohn and Couto, 2012). Animals that exhibit stereotypies do not make
good research animals. Efforts should be made, where possible, to prevent these be-
haviors through the use of environmental enrichment. Enrichment may be in the
form of chew-resistant objects (such as plastic dumbbells and stainless steel rattles)
and food treats (Poggiagliolmi et al., 2011). As a prey species, rabbits benefit from
the inclusion of a hut in the cage or at least a visual barrier into which they may
retreat when psychologically stressed (Baumans, 2005). Breeding females should al-
ways have access to a nest box to allow for the necessary expression of normal nest-
ing behavior (Baumans, 2005).

Table 7.10 Basic Rabbit Reproductive Reference Values

Puberty

Male 22e52 weeks

Female 22e53 weeks

Gestation 29e35 days

Litter size 4e12 kits

Weaning 5e8 weeks

Breeding duration

Male 60e72 months

Female 24e36 months
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7.3.6 HOUSING AND MANAGEMENT
Being social creatures, ideally rabbits should be housed in compatible pairs or trios
unless contraindicated by the research objectives or by incompatibility of the an-
imals (Sohn and Couto, 2012). Stable social groups formed shortly after weaning,
where animals are not added or removed, is most beneficial (Boers et al., 2002).
Structurally, rabbits benefit from housing that has both adequate vertical and hor-
izontal space (Boers et al., 2002). One recommendation on the space requirements
of laboratory rabbits stipulates 16 in. as the minimum vertical cage height
(National Research Council, 2011). At a minimum, rabbits must be able to
comfortably sit upright in the cage without their ears bending over (National
Research Council, 2011).

Laboratory rabbits are typically housed in easily sanitized stainless steel cage
racks (Fig. 7.11). Slatted flooring allows for urine and feces to fall through the slats
onto special pans fixed below the cage, thus providing for easier sanitation of the
cages. However, care must be taken that the slats are of sufficient width so as to pre-
vent a condition known as bumblefoot (see Section 7.3.7). Dog runs with elevated,
slatted flooring or a solid floor with bedding have also been used by some investiga-
tors in group-housed rabbits with success (personal observations). Again, attention
should be paid to the flooring and its effect on foot health.

Commercially available research diets specifically formulated for rabbits are
available. These diets are preferred to so-called “natural diets” and feeding individ-
ual vegetables. This is because rabbits tend to be very selective eaters which can lead
to nutritional imbalances (Fraser and Girling, 2009). Additionally, the use of fresh
vegetables may lead to the introduction of unwanted pathogens like Salmonella
(Varga, 2014). Commercial diets are available in maintenance and reproductive-
performance dietary formulations as well as presterilized diets for rabbits housed un-
der SPF conditions.

Rabbits are very easily heat stressed and thus must be kept at significantly lower
temperatures than other laboratory animals like rats and mice. Noise is another sig-
nificant stressor to rabbits (Verga et al., 2007). Sudden, high-pitched, sharp noises
are most disruptive. However, in general, noise within the animal rooms should
be avoided as much as possible. For this reason, rabbits should not be housed,
even temporarily for short procedures, near areas of high noise.

7.3.7 DISEASES
Problems in rabbits related to the gastrointestinal system are relatively common.
These problems can become serious very quickly. Therefore, it is critical that
abnormalities seen (e.g., rabbit not eating or abnormal feces) be reported to
the veterinary care staff immediately. Even if a researcher is unsure if there is
a problem, it is best to report suspicions because without prompt intervention,
seemingly minor problems can escalate to potentially life-threatening conditions.
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Some of the most commonly seen clinical conditions in rabbits are summarized
in Table 7.11.

7.4 ZEBRAFISH
7.4.1 INTRODUCTION
The zebrafish, Danio rerio of the Cyprinidae family, is a small, dark blue and yellow
striped, shoaling, teleost fish, popular among aquarium enthusiasts, and increasingly
among the research community (Fig. 7.12). The adult fish are 4e5 cm in length, with
an incomplete lateral line and two pairs of barbels (Laale, 1977). Males have larger
anal fins and more yellow coloration; females have a small genital papilla just rostral
to the anal fin (Laale, 1977; Creaser, 1934).

Zebrafish are hardy, fresh water fish originating from a tropical region with an
annual monsoon season. The fish are generally found among slow moving waters
of rivers, streams, and wetlands, across the South Asia region of India, Bangladesh,

FIGURE 7.11

Example of rabbit caging for a laboratory setting.

Photo provided by Deb Hickman.
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and Nepal (Engeszer et al., 2007; Spence et al., 2008). The waters tend to be shallow,
relatively clear with substrates of clay, silt, or stone of varying size (McClure et al.,
2006; Engeszer et al., 2007). The fish feed mostly on insects and plankton, with ev-
idence of feeding along the water column as well as water surface (McClure et al.,
2006; Engeszer et al., 2007; Spence et al., 2008).

Table 7.11 Commonly Seen Clinical Conditions in Rabbits

Dysbiosis Gastrointestinal upset generally
secondary to the use of broad
spectrum antibiotics, such as
penicillin.

Malocclusion Misalignment and subsequent
overgrowth of the continuously
growing teeth

Pododermatitis (“bumblefoot”) Infection of the underside of the feet

Pasteurella multocida Common cause of respiratory
infections and abscesses

FIGURE 7.12

Male zebrafish have a more stream-lined body with darker blue strips while the females

have a white protruding belly.

Photo provided by Kay Stewart.
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7.4.2 USES IN RESEARCH
The small size of zebrafish, the ease of keeping large numbers, frequent spawning,
large egg clutches, translucent nonadherent eggs, rapid development and complex
sequencing of the zebrafish genome are all key components that make the zebrafish
an attractive research model. Interestingly, approximately 70% of zebrafish genes
have at least one orthologous human gene (Howe et al., 2013). Publications on
the use of zebrafish in research are cited as early as the 1930s (Creaser, 1934). Until
the early 1970s, the use of zebrafish stayed fairly low, with the number of articles
published staying below 20 per year. In the mid-1970s, publications increased to
about 40 per year, doubling again in the 1980s, increasing to almost 200 articles
per year in the early 1990s, and rapidly expanding to 1929 publications by 2012.

Developmental biology was the initial focus of zebrafish research use. However,
in recent years, use of the zebrafish in research related to biochemistry and molec-
ular biology, cell biology, neurological sciences, and genetics has been rapidly
increasing.

7.4.3 BIOLOGY
Zebrafish are known to live for only a year in the wild (Spence et al., 2008). For most
of the year, the fish reside in shallow streams. With the onset of monsoon rains, they
move to flooded, highly vegetated shallow wetlands and floodplains, including rice
paddies, with little to no current and often silt bottoms for spawning (Engeszer et al.,
2007). The offspring then develop in these waters until the seasonal waters diminish
(Engeszer et al., 2007). Zebrafish rapidly mature, reaching sexual maturity as early
as 2 months postfertilization (Lawrence et al., 2012). The zebrafish continues to
grow throughout life, which is much longer in captivity, with a mean lifespan of
3.5 years in captivity (Gerhard et al., 2002).

In nature, spawning behavior occurs within small groups of three to seven fish.
Males within the group pursue females, with spawning occurring along the substrate
(Spence et al., 2008). Similar behaviors are noted in laboratory zebrafish, with
spawning often occurring with the first light of day. Courtship behavior involves a
rapid chase of the female, the male swimming around the female, nudging her, or
swimming back and forth working the female to the spawning site. Interestingly,
zebrafish prefer spawning near artificial plants. Once there, the male remains close
to the female, extending his fins to bring his genital pore in line with the female. The
male may also rapidly undulate his tail against the side of the female to initiate egg
release by the female, coinciding with sperm discharge by the male. The female pro-
duces eggs in batches of 5e20 over several encounters with the male for up to an
hour. Most eggs are released within the first 30 min, with a peak in production during
the first 10 min (Darrow and Harris, 2004; Spence et al., 2008).

Zebrafish produce large clutches of eggs, from 150 to 400 eggs per clutch (Laale,
1977). The eggs, approximately 0.7 mn in diameter, are transparent and protected
within a chorionic membrane (Kimmel et al., 1995). First body movements and
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beginning stages of organ development occur 10e24 h postfertilization (Kimmel
et al., 1995). As development continues, the larva hatches from the egg two to three
days postfertilization (Kimmel et al., 1995). The early larva has special secretory
cells within multicellular regions of the head epidermis that allow the larvae to atta-
ch to various hard surfaces and plants until the swim bladder inflates 4 or 5 days
postfertilization (Laale, 1977; Kimmel et al., 1995). Once the air bladder inflates,
the fish can maneuver through the water column.

In captivity, zebrafish can breed year round. The presence of males, or even just
the male pheromones, is needed to induce ovulation (Gerlach, 2006). If females are
housed away from males for an extended period, they can retain the eggs resulting in
egg-associated inflammation, which can be lethal (Kent et al., 2012a).

7.4.4 HOUSING AND MANAGEMENT
To accommodate the fish life cycle, zebrafish are typically housed in static spawning
cages to allow for fertilized egg production. Spawning cages include a housing tank
containing a clear slotted bottom insert, and a plastic plant. The insert is often placed
in the holding tank at an angle to create a shallow region for spawning and the slotted
bottom of the insert allows for ease of egg collection (Lawrence and Mason, 2012;
Nasiadka and Clark, 2012) (Fig. 7.13). The embryos are then incubated at around
28.5�C in a petri dish for at least 3e4 days postfertilization (Wilson, 2012). The
fish are then kept in static or slow water flow containment and can be fed Parame-
cium, rotifer, a powdered food, or a combination of these feed types.

Unfortunately, other than the need for essential fatty acids in their diet, little is
yet known on the nutritional requirements of zebrafish. Zebrafish in research settings
are typically fed live feed like Artemia (brine shrimp), rotifers, bloodworms

FIGURE 7.13

Example of a zebrafish spawning system. The system is designed to allow eggs to fall

beneath a slotted insert to the bottom of the tank as a way to prevent the adult fish from

consuming the eggs.

Photo provided by Robin Crisler.
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(Chironomid larvae), commercial feed, or a combination of all (Lawrence, 2007).
The size of the feed is necessary to suit the gape size of the larvae, approximately
100 mm (Lawrence, 2007; Wilson, 2012). Water flow and feed size increase with
development, with transition of the feed to Artemia (brine shrimp), and/or use of
a larger particle commercial feed during the 8e15 days postfertilization (Wilson,
2012).

Once the juvenile stage is reached, around 29 days postfertilization, the fish are
housed more like adult fish, with more frequent feeding and slower water flow to
accommodate their remaining development and smaller size, respectively (Wilson,
2012). As early as 2 months of age the fish are sexually mature (Lawrence et al., 2012).

Adult zebrafish can be housed in traditional glass aquaria or elaborate comput-
erized and automated systems that monitor and control water quality parameters
such as temperature (typically 28.5�C), pH, water hardness, salinity, dissolved oxy-
gen, and nitrogenous wastes (Lawrence, 2007; Lawrence and Mason, 2012).
Whether maintained manually or computerized, these parameters are important to
monitor and maintain at appropriate levels to maximize the health of the fish.
Poor water quality can lead to disease in the fish (Kent et al., 2012b).

7.4.5 DISEASES
Many of the organisms that cause disease in zebrafish are opportunists in the envi-
ronment and remain subclinical until the fish is stressed, often due to problems with
husbandry.

Appropriately maintained housing, combined with a healthy water quality,
avoidance of overcrowding, and a functional quarantine and health surveillance pro-
gram are key components to avoiding stress and disease. To date, there are currently
no known viruses documented in zebrafish as naturally occurring disease concerns
(Kent et al., 2012b). Mycobacterium infections are the most frequently documented
bacterial infections (Kent et al., 2012a,b).

7.5 AMPHIBIANS AND REPTILES
7.5.1 INTRODUCTION
Class Reptilia is made up of four orders classified as Chelonia, Rhynchocephalia,
Squamata, and Crocodilia (Frye, 1991). In class Amphibia, animals more commonly
encountered in research setting are in the order Anura, containing frogs and toads
(such as Xenopus, Bufo, Rana, Hyla, and Dendrobates spp.); and in the order Cau-
data, containing salamanders such as the tiger salamander, Ambystoma tigrinum and
the axolotl, Ambystoma mexicanum (National Research Council, 1974) (Figs. 7.14
and 7.15). Snakes and lizards are in class Reptilia, order Squamata; chelonians (tur-
tles, tortoises, terrapins) are in order Chelonia; and alligators, caimans, and croco-
diles are in order Crocodilia.
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7.5.2 USES IN RESEARCH
In contrast to research in mammals, there is a tendency for reptile and amphibian
research to be more oriented to studying evolution and ecology as opposed to basic
science evaluating models of human disease (Pough, 1991). Salamanders and frogs
are important for studying embryonic development, metamorphosis, regeneration,

FIGURE 7.14

A commonly used amphibians in research is the axolotl, Ambystoma mexicanum.

Provided by Chris Konz.

FIGURE 7.15

African clawed frogs, Xenopus laevis, a commonly used amphibian.

Provided by Randalyn Shepherd.
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physiology, and climate change (Burggren and Warburton, 2007; Hopkins, 2007;
Pough, 2007). Reptiles are often studied because of their more simple cardiovas-
cular systems as well as for evaluating mechanisms of immune responses, hormon-
al controls, and unique reproduction methods such as parthenogenesis (Frye,
1991). Of the amphibians, Xenopus laevis (South African clawed frog) and Xeno-
pus tropicalis (Western clawed frog) are commonly studied in the research setting.
X. laevis is a prominent research model in comparative medicine and develop-
mental studies, and is the most commonly studied species in the genus Xenopus
(DeNardo, 1995; Schultz and Dawson, 2003; O’Rourke, 2007). Advantages
include large-sized eggs for ease of observing embryo development, as well as
the wealth of published literature in areas of research such as evolution, neurobi-
ology, regeneration, endocrinology, and toxicology (Koustubhan et al., 2008;
Gibbs et al., 2011). Rana catesbeiana (bullfrogs) have been used for develop-
mental and toxicological studies, and for infectious disease study of the chytrid
fungus Batrachochytrium dendrobatidis (Alworth and Vazquez, 2009).
A. mexicanum, in particular, is studied to understand the regenerative ability of
the blastema of amputated limbs at the molecular level (Gresens, 2004; Rao
et al., 2014). Ambystoma tigrarium has been studied in regard to general amphibian
decline in North America, environmental contaminants such as pesticides and ef-
fects of infection with A. tigrarium virus (Sheafor et al., 2008; Kerby and Storfer,
2009; Chen and Robert, 2011; Kerby et al., 2011). A variety of snakes, crocodiles,
lizards, and turtles have been studied in research. For example, Anolis carolinensis
(the green anole) has been used for the study of reproduction biology (Lovern et al.,
2004). Caiman crocodilus and Alligator mississippiensis (crocodiles), Trachemys
scripta elegans (red-eared sliders) represent a few other examples of reptiles
used in research (O’Rourke and Schumacher, 2002).

7.5.3 BIOLOGY
Amphibians and reptiles are considered to be ectotherms (Greene, 1995). Unlike
mammals and birds, ectotherms are unable to internally regulate body temperatures
above that of the ambient environment through metabolism and require complex
behavioral and thermoregulatory adaptations to regulate temperature (Pough,
1991; Seebacher and Franklin, 2005). In captivity, ectotherms typically require sup-
plemental sources of heat to mimic the thermoregulatory effects of basking in the
sun.

Some amphibians and reptiles are aquatic (Xenopus frog spp.) whereas others are
semiaquatic or terrestrial. X. laevis and X. tropicalis are from geographically distinct
areas and have different temperature requirement depending on life stage, with X.
tropicalis adults generally around 25�C in their natural habitat versus about 20�C
for X. laevis (Tinsley et al., 2010). The skin of amphibians is permeable to water
and some adults (semiterrestrial tree frogs in family Hylidae, arboreal and terrestrial
toads in Bufonidae) may receive a significant portion of their daily water require-
ment via absorption through a vascular-rich area on the pelvic area termed the pelvic
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patch (Pough, 2007; Ogushi et al., 2010). The skin of some amphibians contains
toxins which can cause arrhythmias in human handlers, for example, alkaloids
from dendrobatid frogs, and bufotoxins from toads of the genus Bufo (DeNardo,
1995). The toxins serve to keep predators away but, as with Xenopus, may harm
the animals themselves by continued direct contact or diffusion through the water
(Tinsley et al., 2010; Chum et al., 2013). The skin of amphibians is easily damaged
thus to protect the animal during handling powder-free gloves should be worn
(Gentz, 2007).

7.5.4 BEHAVIOR
Researchers and animal care providers should investigate the natural environment of
each species within their care and critically evaluate what features are required for
normal behavior and physiology to provide the essential elements in the research
setting (Pough, 1991). In the wild, amphibians and reptiles live in ecological envi-
ronments that span a range of diversity from topical forest areas to dry desert.
They may be arboreal, aquatic, or terrestrial. They are often secretive and hide
when in natural habitats, preferring to hide under vegetation or in crevices. Param-
eters from the natural habitat to evaluate include temperature, humidity, nutritional
requirements, natural diet, nocturnal versus diurnal behavior, and housing density.
Temperature and lighting gradients should be established so animals can choose
to move toward or away from the heat source as a way to avoid overheating.
Most amphibian species in the wild are nocturnal (Pough, 2007; Tinsley et al., 2010).

7.5.5 HOUSING AND MANAGEMENT
Amphibians and reptiles are sensitive to chemicals in the environment. Water quality
parameters (such as pH, hardness, ammonia, nitrate/nitrite, salinity, conductivity)
should be regularly monitored. Chloramine and chloramines are often present in
municipal water supplies and are toxic to aquatic species. Water should be treated
prior to use for aquatic species with an agent like sodium thiosulfate, since chlora-
mine does not readily dissipate (Browne et al., 2007). Ammonia is a breakdown
product between the chloramine and sodium thiosfulfate reaction and is a concern
for aquatic animals (Browne et al., 2007; Koustubhan et al., 2008; O’Rourke and
Schultz, 2002).

Awide variety of caging materials may be used for housing such as glass, plastic,
stainless steel, or fiberglass but should be free of contaminants or harmful chemicals
like bisphenol A that could leach from the caging into the water (Levy et al., 2004;
Browne et al., 2007; Bhandari et al., 2015). Agents used to sanitize caging should be
chosen to minimize likelihood of harmful residues.

Environmental enrichment should be provided to encourage natural behaviors
and can include providing cage mates for social interaction, cage accessories that
serve as hiding spots or shelters (Fig. 7.16) as well as providing a variety of food
treats in changing locations for foraging opportunities (Hurme et al., 2003). Scents,
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sounds, and color choices may also be incorporated into enrichment strategies pro-
vided that they are carefully evaluated to ensure that they are beneficial and do not
cause stress. For example, the tortoise, Chelonoidis denticulata, may show a color
preference for red-colored enrichment items (Passos et al., 2014). PVC tubes are
another example of enrichment that has been provided to X. laevis for use as hiding
cover (Koustubhan et al., 2008). Some species may require haul-out ramps, areas for
sun basking, floating rest areas, or enrichment devices along the water’s surface to
help prevent drowning. One should consider the possibility of ingestion, as reptiles
and amphibians may attempt to consume the substrates provided to them.

The degree to which amphibians are social varies significantly depending on the
species and is not always well understood. They use visual and olfactory discrimi-
nation to help them find food, forage, and avoid predators (Vitt and Caldwell, 2014).
Both in the wild and in captivity, reptiles and amphibians may exhibit excitatory
behavior when fed (sometimes described as a “feeding frenzy”) which may result
in animal injury where animals are in close proximity (Divers and Mader, 2006;
Tinsley et al., 2010). Overcrowded tanks can result in competition for food and sub-
sequent trauma. Thus, when placed together for the first time, animals should always
be observed for compatibility; and only members of the same species should be
housed together.

Many reptiles and amphibians are escape artists and prevention of escape and
injury is a critical factor when considering housing design. Species that are prone
to jumping must have secured lids on their enclosures.

The diets of amphibians and reptiles are highly variable in the wild and are spe-
cies dependent. Commercially prepared pelleted diets may be available and accepted
by reptiles and aquatic amphibians, however, terrestrial amphibians and many

FIGURE 7.16

Use of a rabbit feeder for Xenopus enrichment.

Photo by Randalyn Shepherd.
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reptiles may prefer live diets (Pough, 2007). It is not unusual for some species to go
several days of fasting between meals in nature (Pough, 1991). Consultation with
those experienced at successful housing and feeding the species in question (zoos,
nutritionists, herpetologists) is recommended.

7.5.6 DISEASES
There are many different types of infectious agents such as bacteria, viruses, fungi,
and parasites that can cause health problems in amphibians and reptiles in addition
to noninfectious conditions such as those resulting from nutritional imbalances,
metabolic disease, neoplasia, trauma, and other spontaneous maladies. Although
significant advances in knowledge have been made over the past 100 years regarding
disease in these species, much still remains unknown. It is not possible to go into
detail here, but there are excellent reference texts for diseases in amphibians and rep-
tiles that can be consulted (Jacobson, 2007; Frye, 1991; Wright andWhitaker, 2001).

7.6 BIRDS
7.6.1 INTRODUCTION
From a taxonomic standpoint, birds are placed into class Aves which includes mul-
tiple orders based on anatomical, physiological, and genetic characteristics. Passer-
iformes is the largest order and contains songbirds and perching birds such as the
finch, canary, and cardinal (Fig. 7.17). Order Columbiformes contains pigeons
and doves; order Psittaciformes contains budgies and parrots such as the African
gray; and order Galliformes contains domestic fowl such as the chicken and quail
(Proctor and Lynch, 1993; Ritchie et al., 1994) (Fig. 7.18).

7.6.2 USES IN RESEARCH
Birds have been used as research models of human disease and are important in eval-
uation of aging, memory, parasitology, atherosclerosis, reproduction, and infectious
disease among other topics (Austad, 1997, 2011; Maekawa et al., 2014). The ge-
nomes of several avian species have now been sequenced (Jarvis et al., 2014). His-
torically, chickens (Gallus domesticus) are the most common bird species studied in
biomedical and agricultural research and are a classic model in areas such as immu-
nology, virology, infectious disease, embryology, and toxicology (Scanes and
McNabb, 2003; Kaiser, 2012). Chickens are also studied to evaluate reproductive
development and retinal disease. Embryonated chicken eggs have been used to
commercially produce vaccines (such as for human influenza), studied for develop-
mental analysis, and are now being treated with viral vectors like lentivirus to pro-
duce transgenic embryos. Inbred lines with improved disease resistance are being
developed and transgenic technology in the future may allow embryos to be used
as bioreactors to produce therapeutic proteins of interest and potentially to generate
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transgenic chickens which have improved resistance to pathogens (Bacon et al.,
2000; Scott et al., 2010). Because chickens develop spontaneous ovarian
cancers at an incidence of up to 35%, they are also a prominent model of
ovarian cancer in humans (Bahr and Wolf, 2012; Hawkridge, 2014). Quail

FIGURE 7.17

The zebra finch is a common avian species used in research.

From http://www.redorbit.com/news/science/1112751282/male-zebra-finches-fake-song-121912/.

FIGURE 7.18

The domesticated chicken commonly used in research.

Provided by Kay Stewart.
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(Coturnix coturnix and Coturnix japonica) have been studied in many of the same
research disciplines as chickens, but offer advantages because of their smaller size
and because they are among the shortest-lived bird species (Austad, 1997). Japanese
quail (C. japonica) have been selected as a model to evaluate reproductive biology
and social behaviors such as mate selection because they readily show sexual
behavior in captivity (Ball and Balthazart, 2010). As with the chicken, methods to
study transgenic quail are now becoming available and offer a useful tool to study
gene function (Seidl et al., 2013).

Of the Psittaciformes, Amazon parrots and budgies (Melopsittacus undulates)
are among the most commonly studied, with research topics including veterinary
medicine, diagnostics, behavioral, cognition, aging, and sensory studies (Austad,
2011; Kalmar et al., 2010). The African gray parrot has been studied for its cognition
and communication abilities (Hesse and Potter, 2004; Harrington, 2014).

Of the passerines studied in laboratory research, the most commonly evaluated
include the zebra finch (Taeniopygia guttata), European starling (Sturnus vulgaris
and Sturnus roseus), and house sparrow (Passer domesticus) (Bateson and Feenders,
2010). Zebra finches and other songbirds are commonly studied in regard to aging
and neurogenesis in addition to speech, learning, and memory because of their abil-
ity to learn and communicate intricate bird songs (Harding, 2004; Scott et al., 2010;
Austad, 2011; Mello, 2014). The most popular songbird species for neurobiological
research include the zebra finch, canary, and other types of small finches such as
Lonchura striata domestica (Schmidt, 2010). Zebra finches are favored in research
settings since they are easy to house due to their small size, for their compatibility in
groups, and proclivity for breeding. They are also studied for their biologic features
such as sexual dimorphism, year-round singing in captivity, age-dependent period of
song-learning propensity, and for ease of measurement with respect to their bird
song (Fee and Scharff, 2010; Mello, 2014). Pigeons (Columba livia) have been eval-
uated in areas such as comparative psychology, neuroanatomy, neuroendocrinology,
and atherosclerosis (Santerre et al., 1972; Austad, 1997; Shanahan et al., 2013).
They are studied to understand their navigational skills and memory which allow
homing, vision and discrimination ability. Barn owls (Tyto alba) are an example
of a nocturnal avian species and are studied for neuroanatomy, vision, hearing,
and for understanding learning mechanisms during auditory space mapping (Pena
and DeBello, 2010; Rosania, 2014).

7.6.3 BIOLOGY
Birds are warm-blooded vertebrates that have feathers for the purpose of flight and
plumage. Their respiratory system includes avascular air sacs, some of which attach
to the lung and bronchi, but do not serve as sites for gas exchange as does the lung
(Maina, 2006; Ritchie et al., 1994). Air sacs serve as internal compartments which
hold air and facilitate internal air passage to allow birds to have a continuous flow of
large volumes of air through the lungs as a way to increase oxygen exchange capac-
ity and efficiency. Birds lack a functional diaphragm and use muscles of the thorax to
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assist with respiration (Ritchie et al., 1994). Care must be taken to ensure that use of
physical restraint does not interfere with respiratory movement, cause the bird to
struggle, or become stressed. The skeletal system includes pneumatic bones which
are lined with air sac epithelium and are considered pneumatized by connection to
the respiratory system (Frandson et al., 2009). The specific bones which are pneu-
matized depend on the species but typically include the humerus, cervical vertebrae,
sternum, sternal ribs, and sometimes the femur (Ritchie et al., 1994).

The esophagus in birds leads to the crop, which is an outpocketing where food is
held temporarily, and then continues to the proventriculus (also called the true stom-
ach) which produces enzymes to break down food. Food travels from the proventric-
ulus to the ventriculus (gizzard) and then on into the small and large intestines. The
presence or absence of a gallbladder is species dependent (Tully et al., 2009; Kalmar
et al., 2010). The rectum and urinary tract terminate in the cloaca, resulting in
excreta where the fecal portion of waste is mixed with urate (white and/or creamy
component). There are many additional unique and complex anatomic and physio-
logic adaptations of birds. Other excellent references are available in the literature
(Scanes, 2015).

7.6.4 BEHAVIOR AND HOUSING
Housing requirements of birds held in captivity vary significantly depending on
the particular species. Basic parameters that apply to all birds include the neces-
sity to provide an enclosure which is safe and permits species-specific behaviors
to the greatest extent possible. Consideration should be given to ensure that the
type of structure is nontoxic, as some birds such as parrots have a powerful
beak with the ability to chew through substrates. Enclosures may be made of
metals or durable plastic, but it is important to note that zinc wire, as well as
leaded paint, can be toxic to birds and is best avoided. Bar spacing on caging
should be appropriate to prevent escape and injury based on the size of the
bird. Caging size varies and can include large aviaries where full short-distance
flight is possible, to individual housing in smaller sized cages where flight may
not be feasible. Use of environmental enrichment and provision of opportunity
for interaction is important to include as part of the cage structure, complexity,
and social dynamic. Some types of birds are considered social, polygamous,
and benefit from group housing, whereas others such as those that pair-bond
(such as New World quail) may prefer housing with a single mate (Ritchie
et al., 1994). Some species, genders, or individuals show aggression and may
not be compatible. For example, sexually active male quail may injure each other
and are generally considered incompatible (Huss et al., 2008). To help reduce
aggression, housing densities should be kept low and multiple points of access
to resources, such as feed and perches, should be provided.

Enrichment in the form of manipulanda can take the form of toys and food items.
Some types of birds may demonstrate foraging behavior in nature and may like to
manipulate their feed. Parrots, for example, typically grasp their food with their
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feet and may peel or strip the outer portion of the foodstuff prior to ingesting. Toys
should be size appropriate for the species, easily sanitized, free from sharp edges,
and replaced once wear shows. Birds can become easily caught in items that hang
from the cage and as toys deteriorate they can become a hazard. For example,
rope toys may begin to fray and become a hazard, causing entrapment; and some
types of toys contain weights which pose a choking hazard or may be made of toxic
materials such as lead. Some types of birds spend considerable time perching and
require perches, which vary in diameter, for comfort and to prevent pressure sores
from developing on their feet.

The respiratory system of the bird is very sensitive and caution must be taken by
animal care staff to avoid exposure of birds to aerosols from chemicals that may
arise from disinfectants used in the laboratory animal facility. Scented cleaners, per-
fumes, hairspray, and emissions from Teflon-coated materials are all examples of
products which can be especially harmful to birds and may cause death.

Feeding requirements vary by species and life stage, but commercial pelleted
diets designed to meet the nutritional needs can generally be provided. Although
many birds are seed eaters, a diet of seeds alone is unlikely to provide adequate or
balanced nutrition. Many birds have a requirement for dietary calcium, especially
those that are reproductively active, and should be provided with calcium supple-
mentation in the form of soluble grit such as cuttlebone or crushed oyster shells
(Sandmeier and Coutteel, 2006; Tully et al., 2009). Birds often display neophobic
behavior and may require long acclimation periods before fully accepting novel
foodstuffs. For this reason, dietary changes should not be made abruptly and daily
intake should be closely monitored. For birds in the laboratory setting, clean, fresh
water should be provided daily either by use of nonbreakable bowls or sipper tubes.
Water intake will vary by species and environmental housing conditions.

7.6.5 DISEASES
Birds can mask disease and are easily stressed. It is best to first observe the bird
in its normal home environment whenever possible and only perform restraint for
physical exam or collection procedures when indicated. General indications of
sickness may include decreased appetite, depressed behavior, loose stools, dis-
tended abdomen, ruffled feathers or unkempt appearance, skin lesions, open-
mouth breathing, abnormal respiratory sounds such as wheezing or sneezing, or
signs of dehydration such as reduced skin turgor and sunken eyes. A healthy
bird should have well-groomed feathers, appear alert, active and inquisitive,
and should show species-typical behaviors. Its eyes should be clear and bright.
No evidence of discharge should be present from the eyes, nares, mouth, or uro-
genital area. Numerous types of infectious (example, Fig. 7.19) and noninfectious
disease presentations are described in birds. Additional reference resources should
be consulted for in-depth information (Ritchie et al., 1994; Tully et al., 2009;
Doneley, 2010).
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7.7 OTHER SMALL MAMMALS
To provide the reader a broader view of animal use in research, descriptions of some
less commonly used small mammal models follow.

7.7.1 GUINEA PIGS
Guinea pigs (Cavia porcellus) are rodents, related to porcupines and chinchillas in
the suborder Hystricomorpha (Fig. 7.20). They originate from the mountain and
grassland regions along the mid-range of the Andes Mountains in South America.
They are small, stocky, nonburrowing, crepuscular herbivores with short legs and
little to no tail, ranging from 700 to 1200 g, females being smaller than males
(Harkness et al., 2010). Guinea pigs have a long-standing historical role in research
stretching as far back as the 1600s, when they were first used in anatomical studies
(Pritt, 2012). Further, they were used by Louis Pasteur and Robert Koch in their

FIGURE 7.19

Example of skin pox on the feet of a dark-eyed Junco (Junco hyemalis).

Photo from Randalyn Shepherd.
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investigations of infectious disease, and have contributed to the work of several
Nobel Prize worthy studies (Pritt, 2012). Specifically, the guinea pig has been
used as a model for infectious diseases such as tuberculosis, Legionnaires disease,
sexually transmitted diseases such as chlamydia and syphilis, and one of the more
common causes of nosocomial infections in people, Staphylococcus aureus
(Padilla-Carlin et al., 2008). Guinea pigs have also been useful tools in researching
cholesterol metabolism, asthma, fetus and placental development and aspects of
childbirth, as well as Alzheimer’s disease (Bahr and Wolf, 2012).

Guinea pigs have many similarities to humans hormonally, immunologically, and
physiologically. Unlike other rodents, and more like primates (including people),
guinea pigs are prone to scurvy if they do not receive adequate vitamin C, typically
in their diet (Gresham et al., 2012). Guinea pigs are housed similarly to other ro-
dents, although they require more room than the smaller rodents.

7.7.2 HAMSTERS
Hamsters are of the Rodentia order, suborderMyomorpha along with the mouse and
the rat. There are over 24 species of hamsters described in the literature, with the
most common hamster used in research being the Golden or Syrian hamster, Meso-
cricetus auratus (Harkness et al., 2010) (Fig. 7.21). Originating from the northwest
region of Syria, Golden hamsters are thought to be descendants of only three or four
littermates collected from Syria in 1930 (Adler, 1948; Smith, 2012). As their name
implies, the typical wild-type coat is reddish gold along their dorsum, with a gray
underside. They are granivores and insectivores, weighing 85e150 g, females

FIGURE 7.20

Juvenile guinea pig.

Photo from Randalyn Shepherd.
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weighing more than males, with short legs and short tail, and large cheek pouches
(Harkness et al., 2010).

Specific anatomical and physiological features including their susceptibility to
disease and infection make them a useful model for study. Initially hamsters were
utilized in studies of infectious disease, parasitology and dental disease, transition-
ing into cancer research in the 1960s (Smith, 2012). Hamsters are still used in many
areas of research, including investigations into metabolic diseases like diabetes mel-
litus (Hein et al., 2013), cardiovascular disease (Russell and Proctor, 2006), repro-
ductive endocrinology (Ancel et al., 2012), and oncology (Tysome et al., 2012).
Guinea pigs have also been used as models for infectious disease associated with
bacteria, parasites, and viruses, such as leptospirosis (Harris et al., 2011), leishman-
iasis (Gomes-Silva et al., 2013), and severe acute respiratory syndrome (SARS) and
Ebola viruses (Roberts et al., 2010; Wahl-Jensen et al., 2012).

Other species of hamsters used have been used in research. For example, Chinese
and African hamsters have been used for investigations into diabetes mellitus
(Kumar et al., 2012); European and Turkish hamsters have been useful to evaluate
aspects of hibernation (Batavia et al., 2013); and Siberian and Turkish hamsters
have been used to study circadian rhythm and pineal gland activity (Butler et al.,
2008) (Fig. 7.22).

7.7.3 CHINCHILLAS
Chinchillas (Fig. 7.23) are in the order Rodentia, suborder Hystricomorpha, as are
the guinea pig and the degu. There are the long-tailed chinchilla, Chinchilla

FIGURE 7.21

Syrian hamster.

Photo from Randalyn Shepherd.
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lanigera, and the short-tailed chinchilla, Chinchilla chinchilla. Chinchillas originate
from the Andes Mountains of South America (Martin et al., 2012). They are
400e800 g in size, females weighing more than males, with compact bodies and
long, strong hind limbs and dense fur coats (Alworth et al., 2012). The lushness
of the coat is what led them close to extinction in the wild due to excessive hunting

FIGURE 7.22

Siberian hamsters.

Photo from Greg Demas.

FIGURE 7.23

Chinchilla.

Photo from Bill Shofner Jr.
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in the early to mid-1900s (Jimenez, 1996). The chinchilla has a large head, large
eyes and ears. The large inner ear anatomy is of specific note as chinchillas are
the traditional model for auditory studies (Shofner and Chaney, 2013) and otitis me-
dia (Morton et al., 2012).

7.7.4 GERBILS
The gerbil is a rodent, suborder Myomorpha, used in research. There are over 100
species of gerbil-like rodents documented, but the Mongolian gerbil (Meriones
unguiculatus) is the species most commonly used in the United States (Fig. 7.24).
Mongolian gerbils originate from a desert terrain in Mongolia and northeast China.
They are long-tailed, burrowing, herbivorous rodents, 55e130 g in size, males being
larger than females (Harkness et al., 2010). Due to anatomical variations in the blood
supply to the brain in an anatomical region known as the “Circle of Willis,” gerbils
have been used most notably as a model for cerebral ischemia or stroke (Small and
Buchan, 2000).

7.7.5 ARMADILLO
An interesting animal model to note among the small mammals is the nine-banded
armadillo (Dasypus novemcinctus), a new world mammal ranging from the south-
eastern half of North America, extending south through the Americas to the northern
region of Argentina (Balamayooran et al., 2015). Armadillos have a banded cara-
pace, and, importantly, a low core body temperature of 33e35�C. The breeding sea-
son is in the summer, but embryo implantation is delayed until late fall, at which

FIGURE 7.24

Gerbil.

Photo used with permission of American Association for Laboratory Animal Science.
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point identical quadruplicates are always formed (Balamayooran et al., 2015). The
armadillo’s low body temperature, and susceptibility and physiologic response to the
infectious organism, Mycobacterium leprae, have made it an ideal model for study-
ing leprosy (Balamayooran et al., 2015). The consistent polyembryony of the species
has also made the animal a model of interest in understanding various aspects of
twinning (Blickstein and Keith, 2007).

7.8 SUMMARY
Choosing the correct animal model is an essential component to the success of
biomedical research. Each species used in biomedical research must be provided
with adequate housing and care to ensure the well-being of the animals. Because
good science and good animal care go hand in hand, it is important to understand
and address the biological and behavioral needs of the animals being studied.
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